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Abstract

Polyhydroxyalkanoates (PHAs) are biodegradable polymers which can be used a starting

material for biodegradable plastic, thereby offering an alternative to petrochemical based

plastic. At present, the commercialisation of PHA is hindered by high production costs.

PHA is produced by many different types of bacteria as a form of carbon storage and is

stored in a granule composed of a polymer core, surrounded by a layer of proteins, known

as granule-associated proteins (GAPs). A better understanding of how PHA production is

regulated is critical for their potential as bioplastics to be realised. In this thesis, modern

proteomic approaches were used to investigate aspects of PHA production in the indus-

trially relevant PHA producer, Pseudomonas putida KT2440. A combination of three

approaches were used to study PHA production: expression proteomics, subcellular frac-

tionation proteomics and protein interaction studies.

While many studies have focused on specific enzymes involved in the production of

PHA, the changes that occur on a whole proteome level, including regulatory and sup-

plementary pathways are less well understood. Nutritional stresses such as nitrogen lim-

itation can induce production of PHA. Therefore, we firstly implemented a liquid chro-

matography mass spectrometry (LCMS) approach in order to gain an insight into pro-

teome status at various timepoints in both PHA accumulating (nitrogen limiting) and PHA

non-accumulating (nitrogen excess) conditions, using glucose as a carbon source. Using

this approach, 52% of the theoretical P.putida proteome was successfully analysed. Sta-

tistical analysis of up and down regulated proteins revealed that proteins mapping to key

pathways such as nitrogen metabolism and ABC transporters showed coordinated expres-



sion changes. Proteins involved in the PHA production pathway were also upregulated in

response to PHA accumulating conditions, including phasins PhaI and PhaF, which play

an important role in PHA granule formation and segregation.

Secondly, subcellular fractionation proteomics was employed to isolate pure PHA

granules from P.putida and the resulting preparation analysed by high resolution mass

spectrometry in order to determine the protein composition. Over one thousand proteins

were identified, requiring additional data analysis and validation steps in order to priori-

tise the most likely PHA granule components. All six proteins expressed from the PHA

operon were identified in the granule proteome. Other proteins were evaluated based on

factors including: a) enrichment on the granule relative to background expression levels

in whole cell lysate b) up-regulation under conditions known to induce granule formation.

c) reports of PHA protein composition from the scientific literature; d) biophysical fac-

tors predicted using bioinformatics that may be associated with the granule. This data was

collected and is available in the Appendix of this thesis. As well as confirming previous

descriptions of the PHA granule proteome, my work expanded the set of potential granule

proteins, including 87 proteins that were enriched on the PHA granule. Two of these pro-

teins (pyruvate dehydrogenase E1 component (Q88QZ5) and peptidoglycan-associated

lipoprotein (P0A138)) were shortlisted as candidates for further investigation using pro-

tein interaction studies in the third section of this thesis.

Thirdly, protein interaction studies were carried, focused on proteins directly encoded

in the pha locus, or implicated in PHA biosynthesis by other studies. Mapping the phys-

ical interactions of a protein helps understand the biology of that protein by placing it in

the context of its cellular network. While there have been functional studies on individual

PHA-related proteins, very few protein interaction studies have been carried out, and little

is known about if and how these proteins interact with each other. Improved understand-

ing of the nature and extent of physical interactions among PHA pathway proteins and

with proteins from other pathways, can give insight into how PHA production is linked

xii



in the metabolic architecture of a P.putida cell. Since no suitable antibodies were avail-

able for affinity purification for PHA pathway proteins, I implemented a fusion protein

strategy, fusing enhanced yellow fluorescent protein (eYFP) to the C-terminal of five pro-

teins that were known to be involved in PHA production: Crc global regulator (Q88C91),

PhaI (Q88D20), PhaD (Q88D22), PhaZ (Q88D24) and PhaC1 (Q88D25). Fusion proteins

were subjected to affinity purification mass spectrometry (APMS) to identify potential in-

teractors.

I constructed a database of the results, supplemented with information describing the

bait and prey proteins. Only one previously identified interaction between PHA pathway

components was observed: PhaI and PhaF, an interaction which supports the work of

earlier researchers. 79 potential interactions were observed with statistical significance

(FDR=0.05, s0=0.1) and evaluated using additional informatic criteria. Three proteins

identified as potential interators with PHA pathway components were selected for further

validation studies: pyruvate dehydrogenase subunit E1 (Q88QZ5), putative lipoprotein

(Q88F99) and peptidoglycan-associated lipoprotein (P0A138). Reverse pulldown and mi-

croscopy studies were used to validate protein interactions and confirm subcellular local-

isation. We confirmed the interaction of peptidoglycan-associated lipoprotein (P0A138)

and phasin PhaF through reverse pulldown studies and the localisation of peptidoglycan-

associated lipoprotein (P0A138) to the PHA granule in vivo. We also confirmed the in-

teraction between pyruvate dehydrogenase E1 subunit and phasin PhaF. We observed that

pyruvate dehydrogenase E1 subunit localises in vivo to the PHA granule. The finding that

pyruvate dehydrogenase E1 subunit interacts with phasin proteins reveals a potential link

between PHA granule production during stress conditions and central metabolism.

xiii



Chapter 1

Introduction

1.1 Plastic

Plastics are a family of polymers which have become ubiquitous in our society today, and

are integrated into almost all aspects of modern life. Each year, over 140 million tons

of plastics are produced. It is quite remarkable that we rely so heavily on this material,

particularly given that wide scale production of plastic only began in the 1950s. [1] In

less than a century, it has transformed how we live our lives. Plastic has several proper-

ties which make it appealing as a material. It is lightweight and durable, which makes

it particularly suitable for packaging. It is also easy to manipulate, and relatively cheap.

Therefore, plastic is integrated into almost every market, from electronics to clothing to

packaging. [2]

However, these same qualities which make it an attractive material are also the rea-

son that in less than a century plastic has had a deleterious effect on our environment.

Approximately 40% of the plastic is produced for single use, and discarded immediately

afterwards. Given the average life span of plastic is at least one thousand years, it is un-

surprising that vast amounts of plastic has accumulated in our seas and on land. [1]. A

study by Geyer et al, 2017 found that in 2015, 79% of all plastic produced was accumu-

lated in landfills or the natural environment. [2]. On top of that, every year 140 million



tons of plastic is produced. Clearly, this linear pathway of using plastic and disposing of

it is unsustainable and must be tackled before the widespread pollution and disruption of

ecosystems becomes irreversible.

At present, approximately 90% of plastics produced are petrochemical based [3]. Four

types of plastic account for 60% of the overall plastic demand in Europe: terephthalate

(PET), polyethylene (PE), polypropylene (PP) and polystyrene (PS) , all of which are

petrochemical based polymers. [3] This is concerning for two reasons. As aforemen-

tioned, these petrochemical-based plastics take several centuries to break down in the

natural environment and are accumulating at a worrying rate. They also have a significant

carbon footprint associated with them. The Ellen MacArthur Foundation predicts that if

the current growth of plastic continues, by 2050 plastic will account for 15% of the global

annual carbon budget. This budget has been set with the goal to remain below a 2◦ C

increase in global warming. Therefore, there is a growing demand for the production of

environmentally friendly plastics. For a polymer to be considered a viable alternative to

conventional fossil-fuel based plastics, it must also possess the desirable characteristics

that have made petrochemical based plastics so attractive.

1.1.1 Polymers

The polymers used to produce plastics can be divided into four broad categories (Figure

1.1).

1. Non-biodegradable polymers, produced from petrochemical resources, such as polystyrene

and polyethylene. These account for the vast majority (approximately 90%) of the poly-

mers we used today.

2. Non-biodegradable polymers produced from renewable resources, such as biopolyethy-

lene.

3. Biodegradable polymers produced from petrochemical resources, for example poly-

butylene succinate/adipate.

4. Biodegradable polymers produced from renewable resources, such as polylactic acid

2



Figure 1.1: Polymers for the production of plastic are classified into four groups. At
present, approximately 90% of plastic is made from petrochemical sources and is non-
biodegradable [4]

(PLA) or polyhydroxyalkanotes (PHA) [4].

Biodegradable is defined by the European Environmental Agency as a material that

is capable of decomposing rapidly by microorganisms under natural conditions (aerobic

and/or anaerobic). The American society for testing and materials (ASTM) and European

committee for standardization (CEN) have developed a specification standard (D6400 and

EN 13432) for packaging products claiming to be biodegradable. These standards state

that the polymer must be converted to CO2, water and biomass via microbial assimilation

of the test polymer material in powder, film or granule form. 90% of the carbon in the

polymer must be converted to CO2. The rate of biodegradation must be the same as the

biodegradation rate of natural materials and the polymer must be degraded within 180

days [5].

The term ‘bioplastic’ is often used to describe polymers made from renewable re-

sources. However, not all bioplastics are biodegradable. Technologies are emerging

3



that can make polyethylene (PE) and polyethylene terephthalate (PET) from biobased

resources, but they are not biodegradable and thus their origin will not address the end-of-

life pollution challenges. [6] Therefore the source of a polymer does not define its ability

to biodegrade (Figure 1.1).

Both the source of the raw materials for polymer production and how that polymer can

be disposed of is important to evaluate when considering the potential impact that poly-

mer will have on the environment. From an environmental standpoint, polymers which

are created from renewable resources and are biodegradable are the most advantageous.

1.2 Polyhydroxyalkanoates (PHA)

Polyhydroxyalkanotes (PHAs) are a family of polymers that are naturally produced by

bacteria. These polymers are made from renewable sources and are also biodegradable.

As a result, they are of interest industrially as a potential alternative to petrochemical-

based polymers. In 2019, there were over 150 different types of PHA on the market. [7]

Polyhydroxyalkanoates (PHA) were first discovered in 1925 by Lemoigne et al, in

the bacterium Bacillus megaterium. [8]. Since then, it has been shown that PHA can be

produced by a wide range of organisms, including plants and bacteria. Plants typically

only accumulate a small amount of PHA relative to their biomass, before it begins to hin-

der their growth and development. [9] In comparison, bacteria can accumulate up to 80%

of their cell dry weight as PHA. [10] Hence, bacterial polyhydroxyalkanoates have been

researched most intensely and are the focus of this project.

The primary physiological role of PHA is as carbon storage for bacteria. Hence, PHA

tends to be accumulated under conditions of nutrient imbalance. Most commonly, nitro-

gen limitation is used to induce PHA production. [11] [12] [13] The limitation of other
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Table 1.1: Production of PHA from various waste streams Table adapted from Ravin-
dran et al, [18]

Production Strain Starting Material PHA Type Refs
Bacillus firmus Rice straw hydrolysate PHB [19]
Ralstonia eutropha Bagasse PHB [20]
Halomonas boliviensis Wheat bran + potato waste PHB [21]
Azotobacter beijerinickii Coir pith (from coconut) PHB [22]
Burkholderia sacchari Wheat straw hydrolysate PHB [23]
Mixed culture from activated sludge Olive pomace PHA [24]
Saccharophagus degradans Waste from tequila bagasse mclPHA [25]
Pseudomonas sp. Grass mclPHA [26]

nutrients, such as phosphorous, sulfur or oxygen can also be used to enhance PHA pro-

duction. [14] The intracellular PHA accumulated can be aerobically and/or anaerobically

degraded and metabolized as carbon and energy source as soon as a nutrient balance is

restored [15].

One of the appealing aspects of using bacteria to produce PHA is that the feedstock

can be carbon sources that are generally considered waste materials. Ruiz et al, 2019

converted waste cooking oil into PHA in a high cell density fermentor. [16] Other waste

materials that have been used to produce PHA include palm oil, crude glycerol and wood

mill effluent. [17] A overview of waste streams which have been used as a starting material

for PHA production is shown in Table 1.1.

Using waste material to produce a biodegradable plastic offers a much more sustain-

able alternative to producing plastic than the linear approach that we currently implement.

1.2.1 Biodegradability of PHA

As aforementioned, one commercially appealing feature of PHAs is their biodegradabil-

ity. PHAs can be completely degraded to water and carbon dioxide under aerobic condi-

tions and to methane and carbon dioxide under anaerobic conditions. [27]

As mentioned in the previous section (section 1.2), PHAs are produced by bacteria as

a form of carbon storage, which can be broken down in times of starvation. Non-PHA
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producing organisms also produce enzymes (depolymerases) which can break down PHA

extracellularly to be used as an energy source. Bacteria and fungi capable of degrading

PHA extracellularly have been isolated from many different ecosystems including soil,

compost, aerobic and anaerobic sewage sludge, fresh and marine water, estuarine sedi-

ment and air [28].

Several PHA polymers have passed the American society for testing and materials (ASTM)

and European committee for standardization (CEN) have developed a specification stan-

dard (D6400 and EN 13432) for packaging products claiming to be biodegradable. For

example, Mirel, a PHA based biopolymer produced by Metabolix Inc, was certified as

complying with D6400. Aonilex, another PHA based polymer produced by Kaneka Cor-

poration has been certified as complying with EN13432. [29]

1.2.2 Chemical Composition

PHAs are composed of repeating units of R-hydroxyalkanoyl monomer. This is a simple

building block, the structure of which is shown below. (Figure 1.2) Each monomer unit

is covalently linked via ester bonds with a neighboring monomer. To date, approximately

150 different types of PHA monomers have been reported. [30] PHAs can be classified

into two major groups, depending on the number of carbon atoms in the monomer unit:

1. Short-chain-length PHA (scl-PHA), which consist of the monomer units with 3 to 5

carbon atoms

2. Medium-chain-length PHA (mcl-PHA), which are made of monomer units containing

6-14 carbon atoms
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Figure 1.2: Chemical composition of PHA. Medium chain length typically has 8-12
carbon units in the repeating unit. n denotes the length of the polymer, which can very
from hundreds of units to thousands.Structure drawn using https://chem-space.com/

The monomer composition can vary based on the length of the carbon chain, or the

composition of the side chain. Depending on the type of repeating monomer units, the

biosynthesized PHAs can also be grouped into homopolymer and heteropolymers. Ho-

mopolymers are composed of only one type of monomer unit. A typical example of

a homopolymer is polyhydroxybutyrate (PHB), composed of (R)-3-hydroxybutyric acid

units, which is produced by the bacterium Ralstonia eutropha. [30] Heteropolymers are

polymers composed of monomers of either different backbones or side chains such as

poly (3-hydroxybutyrate-co-3-hydroxyvalerate (poly(3HB-co-3HV)). [31]

The composition of the monomer determines the physical properties of the resulting

polymer, such as the degree of crystallinity, melting temperature (Tm) and glass transition

temperature (Tg). The monomeric composition can vary depending on the microorganism

producing the PHA, growth conditions and carbon source [32]. The molecular weight of

PHAs can vary between from 2 x 10 5 – 3 x 106 Da, depending on the growth conditions

and the microorganism producing the PHAs [33]

Scl-PHAs are stiff and brittle, compared to mcl-PHAs which are much more flexi-

ble. [33] Monomers of scl-PHA are sometimes blended with other monomers to create

copolymers which have more desirable traits. This diversity in physical properties makes
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it possible for different types of PHA to be suitable alternatives for many different plastic

applications.

PHAs are water insoluble, and as a result, in vivo appear as water insoluble inclu-

sion bodies, known as granules, which are 200-500nm in diameter. These inclusions are

neither a solid or liquid state but rather a mobile amorphous elastomeric state. [15]

1.2.3 Industrial Applications of bacterial PHA

Given the versatile physical properties of PHAs, they are an attractive alternative to petro-

chemical based plastics. However, the transition to PHA-based plastic has been slow. The

high cost of PHA compared to conventional plastic is one of the major issues. At present,

PHA is almost three times more expensive than the petrochmical alternative [1]

In total, bioplastics accounts for just 1% of total plastic production,of which PHAs

represent approxmiately 1.2% [34] However, as the demand for biodegradable plastic

continues to grown, PHA is expected to see a 6.3-fold increase in global production from

25,320 tonnes 2019 to 159,700 tonnes by 2024 [34]

The potential applications of PHA can be grouped into three main categories:

1. Packaging Applications

2. Biomedical Applications

3. Industrial raw materials

Packaging Applications

PHAs have been used to replace conventional petrochemical based plastics in a range of

packaging applications. For instance, PHA has been used to produce disposable sanitary

products and shampoo bottles. It has also been employed for use in disposable bags and

coffee cups. However, the use of PHAs in packaging has been particularly hampered by

the higher production costs compared to traditional petrochemical polymers. [35]
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Biomedical Applications

Since PHA can be broken down naturally in humans and animals, without the production

of any toxic by-products, PHA has been recognised as having many potential application

in the biomedical field for over 50 years. PHAs have been used as delivery vehicles for

controlled drug release and for 3D scaffolds for tissue engineering. [35] [34]

Industrial Raw Material

Since PHAs are chiral compounds, they can be used as a source for producing chiral

compounds. The monomer units of PHA are valuable starting materials for the synthesis

of vitamins, antibiotics and pharmaceuticals. [36]

1.2.4 Physiological Role of PHA in bacteria

Polyhydroxyalkanoates (PHAs) were isolated in bacteria since at least the 1950’s. [37]

However, at that stage, there was limited interest in divulging the physiological roles of

these polymers, outside of their assumed role as energy reserves. Initial research focused

on identifying the composition of PHAs from different species, and until the 1980s and

the main focus was to characterise all potential monomeric units. [38]

The PHA cycle was considered to be static, with carbon stores accumulating in times

of nutrient imbalance, and then being broken down by the cell in times of starvation to

produce fatty acids to feed into the beta oxidation cycle. However, recent research has

challenged this, showing PHA is actually continuously being synthesised and degraded in

the cell and rather the rate of accumulation shifts depending on various conditions in the

cell. [39] This appears to be a futile cycle, although it is unlikely that the cell would waste

precious resources unless there was a metabolic advantage. Furthermore, deleting this

cycle in P. putida causes increased respiration and cell division rates, as well as reduced

growth rates, even when the bacteria is not under stress. [40]
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Recent research has focused more on elucidating the physiological functions of PHA.

Below, I describe three biological functions in which PHA has been shown to be involved:

a) UV radiation protection, b) osmotic shock and c) as a cryoprotectant.

a) Role of PHA in UV radiation protection

PHA has been shown to have a light scattering effect, which increases a bacteria’s resis-

tance to UV radiation. Slaninova et al [41] found that in R.eutropha, a mutant strain has

much lower tolerance to UV radiation compared to the wild type. This effect is enhanced

by granules binding to DNA, which is the molecule most susceptible to UV radiation in

the cell. This effect was also demonstrated in a further study by Wang et al. [42] E.coli

with PHA genes expressed were found to have increased survival ability in UV radiation

conditions compared to their wildtype counterparts. This UV protective effect is not ac-

tually a new discovery. As far back as 1985, it was shown that in Azospirillum brasilense

Cd cells, PHA poor cells died more rapidly when exposed to UV radiation that PHA-rich

cells. [43]. In a further study, PHB accumulation found to be essential for Pseudomonas

extremaustralis resistance to UVA radiation. [44]

b) PHA role in osmotic shock

In the external environment, there are often changes in the osmolarity. Bacteria must be

able to adapt to these fluctuations to survive and thrive in these environments. Several

studies have shown that bacteria which accumulate PHA show increases survival when

under osmotic stress. However, the mechanism by which PHA protects cells seems to dif-

fer depending on the bacteria and the environment. For instance, Obruca et al, found that

when testing an R.eutropha strain versus a mutant strain which did not produce PHB, the

wild type survived much more under osmotic stress. However, granules seemed to play

an indirect role in this protection, as they are not hydrolysed during the stress, but rather

undergo partial crystallisation and aggregation. They suggest that the granules may help

reduce membrane damage and hence maintain cell integrity. [45] In contrast, in Azospir-

illum brasilense, the PhaZ mutant strain performed much worse than the wild type when

exposed to osmotic stress. This is interesting as the PhaZ strain had significantly more

PHA in the cell, as it was unable to degrade it. This suggests that in this case, hydrolysis
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of PHA granules must play as role in the protective effect against osmotic stress. [46]

c) PHA as a cryoprotectant

During freezing, the presence of PHA granules has been shown to increase survival in

a number of bacteria. [47] R.eutropha cells survived repeated freeze-thaw cycles better

when PHA granules were in the cell. Not only this, but enzymatic activity remained

high in comparison. This is interesting as it suggests potential for PHA to be used as

a cryoprotectant, especially since for industrial purposes, many enzymes must undergo

freezing which often reduces their activity.

1.2.5 PHA production in bacteria

As previously mentioned, PHA production in bacteria is often stimulated by a nutrient

imbalance, such as nitrogen limitation. However, PHA can also be accumulated irrespec-

tive of growth conditions in some bacteria. To date, 14 pathways have been detailed for

PHA production, encompassing both natural and synthetic pathways. [48] Three of these

pathways have been studied in depth and are the most common metabolic pathways in

PHA producers. These are: a) sclPHA synthesis b) mclPHA synthesis via β oxidation

pathway and c) mclPHA synthesis via de novo fatty acid synthesis.

1.2.5.1 a) Production of scl-PHA

Many bacteria are known to produce PHB, including Chromobacterium sp. USM2, Caulobac-

ter vibrioides and Azohydromonas australica [49] However, by far the most studied pro-

ducer of scl-PHA is Ralstonia eutropha. R.eutropha is a gram-negative bacteria that is

capable of accumulating PHB up to 90% of its cell dry weight (CDW). [50]

The production of PHB in R.eutropha is dependent on the availability of acetyl-CoA under

nutrient limited conditions, from structurally unrelated carbon sources, such as glucose.

There are three enzymatic reactions involved in the PHB biosynthesis pathway. The

genes for these three enzymes are located on the PHA operon in R.eutropha; PhaA (3-

ketothiolase), PhaB (acetoacetyl-CoA reductase) and PhaC (PHA synthase) Each en-
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zyme plays an essential role in converting acetyl-CoA to PHB. (Figure 1.3) PhaA catal-

yses the condenstation reaction of two acetyl CoA molecules to form acetyoacetyl-CoA.

Acetyoacetyl-CoA can then be reduced to form (R)-3-hydroyacyl-CoA, a reaction which

is catalysed by PhaB. Finally, PhaC is responsible for the polymerisation of monomers to

form PHB polymers. [51]
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Figure 1.3: Biosynthetic pathway for PHB metabolism in Ralstonia eutropha Three
enzymatic reactions are responsible for the production of PHB, catalysed by PhaA, PhaB
and PhaC. The three enzymes are encoded by genes on the PHA operon. [51]
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1.2.5.2 b) Production of mcl-PHA via the β oxidation pathway

When fatty acids are used as the carbon source, the β oxidation pathway is the predom-

inant pathway for the production of mcl-PHA. (Figure 1.4) Acetyl-CoA, the common

starting compound of PHA synthesis can be obtained from the metabolism of fatty acids

via the β oxidation pathway. In this cyclic pathway, one acetyl-CoA molecule is released

from each round of fatty acid oxidation, shortening the fatty acid chain with each round

and releasing NADH and FADH2.

The first step of β oxidation is the activation of fatty acids with CoA by acyl-CoA

synthase (FadD). They are subsequently oxidized into enoyl-CoA by an acyl-CoA de-

hydrogenase (FadE) with the reduction of FAD to FADH2. The next step involves the

hydration of enoyl-CoA by an enoyl-CoA hydratase (FadB) resulting in the formation of

(S)-3-hydroxyacyl-CoA monomers, which can be further oxidized into 3-ketoacyl-CoA

by a 3-hydroxyacyl-CoA dehydrogenase (FadBa), generating NADH. A β -ketothiolase

(FadA) cleaves the 3-keotacyl-CoA, yielding an acyl-CoA that is 2 carbons shorter and

acetyl-CoA. [52]

Three of these intermediates produced in the β oxidation pathway, enoyl-CoA, (S)-3-

hydroxyacyl-CoA and 3-ketoacyl-CoA can be shunted towards the PHA pathway by con-

version to to (R)-3-hydroxyacyl-CoA thioesters. 2-trans-enoyl-CoA can be converted by

(R) – specific enoyl-CoA hydratase (PhaJ) (S) – 3-hydroxyacyl-CoA by 3-hydroxyacyl-

CoA epimerase and 3-ketoacyl-CoA by nicotinamide dinucleotide phosphate (NADPH)

dependent (R) – specific ketoacyl-CoA reductase (FabG) [30] [52] The (R)- 3-hydroxyacyl-

CoA thioesters synthesised can then be polymerised to PHA by PHA synthase (PhaC).

[40]
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Figure 1.4: Biosynthetic pathways for mclPHA producers There are two main path-
ways: non-related carbon substrates enter into the de novo fatty acid synthesis pathway,
fatty acids enter the PHA pathway via the β oxidation pathway. Image from Steinbuchel,
2003 [30]

1.2.5.3 c) Production of mcl-PHA via de novo fatty acid synthesis

The de novo fatty acid synthesis pathway is the predominant biochemical pathway used

to produced mcl-PHA when structurally unrelated carbon sources, such as glucose, are

used (Figure 1.4).

In this pathway, the unrelated carbon source is initially metabolised to acetyl-CoA which

is then carboxylated by acetyl-CoA carboxylase (AccA) to form malonyl-CoA (Figure

1.4).

Malonyl-CoA is then converted into malonyl-ACP by FabD prior to entering the de

novo fatty acid synthesis pathway. Malonyl-ACP releases CO2 to form 3-ketoacyl-ACP,

catalysed by 3ketoacyl-ACP synthase (FabB). 3- ketoacyl-ACP reductase produces (R)-

3 hydroxyacyl-ACP, which can be converted by 3- hydroxyacyl ACP: CoA transacylase

(PhaG) to its CoA derivative. At this stage, the 3-hydroxyacyl CoA monomers can then

be polymerised by PHA synthase (PhaC) to form PHA. [53] [48]
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1.2.6 PHA granules

PHA accumulates intracellularly as inclusion bodies, also known as PHA granules or car-

bonosomes. These granules are complex subcellular structures, composed of a PHA core

surrounded by a layer of proteins. [54] It was previously thought that phoshoplipids were

also present on the PHA granule, but Bresan et al, provided strong support to the hy-

pothesis that there is indeed no phospholipid layer on PHA granules. They showed that

fluorescently labelled proteins fused with a phospholipid binding domain did not colo-

calise to the PHA granule in vivo. [55]

Proteins that localise to the PHA granule are defined as granule-associated proteins,

GAPs. The exact composition of proteins on the PHA granule is unknown but four classes

of proteins found on the PHA layer have been described: (a) PHA synthases (PhaC), (b)

depolymerase (PhaZ), (c) phasins and (d) others, for example acyl-CoA synthase. [40]

PHA synthases are responsible for polymerising monomers into PHA monomers while

PHA depolymerases breakdown PHA polymers to release carbon as a source of energy in

carbon limited conditions. Phasins are small proteins which localise to the granule, and

while they do not have enzymatic activity, they are integral to proper granule formation

and segregation. In general, phasin can be considered GAPs for which a granule-related

phenotype has been demonstrated. [56] A detailed description of proteins found on the

PHA granule of P. putida is described below, section 1.3.1.

1.3 Pseudomonas putida KT2440 as a model organism

P. putida is a gram negative soil bacteria, that naturally produces mcl-PHA. It can adapt

to many different environments and has a very flexible metabolism. It is of particular

interest for industrial use. P. putida is one of the best studied organisms with regards to
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mcl-PHA production. When supplied with a fatty acid as a carbon source and in nitrogen

limiting conditions, it can accumulate up to 80% of its cell dry weight as PHA. [10] P.

putida KT2440 is the bacteria studied in this thesis.

1.3.1 PHA operon of P. putida

Proteins involved in the synthesis of mcl-PHA in P. putida have been well studied individ-

ually. There are six proteins on the pha locus of P. putida, composed of the phaC1ZC2D

operon and phaFI operon. The phaC1ZC2D operon encods two polymerases PhaC1 and

PhaC2, a depolymerase PhaZ and one PhaD protein, which is considered to play a reg-

ulatory role in mcl-PHA synthesis. The phaFI cluster is located downstream and in the

opposite orientation to phaC1ZC2D operon. [57] This pha locus is well conserved among

mclPHA producers. [58]

PHA synthases (PhaC)

PhaC is the enzyme responsible for polymerising monomers. Pseudomonas putida KT2440

has two PHA synthases: PhaC1 and PhaC2. They are located on the PHA operon, flank-

ing PhaZ, the depolymerase. In pseudomonads, multiple studies have indicated PhaC1

to be the main active PHA synthase. Knockout mutants of PhaC1 in P. putida KT2440

demonstrated the loss of PHA accumulation capability. [57]

PHA depolymerase (PhaZ)

Poly(3-hydroxyalkanoate) depolymerase (PhaZ) is the enzyme responsible for breaking

down PHA in the cell. Knockout studies have proven that without this gene, P. putida is

unable to degrade PHA. [59] The structure and biochemical properties of P. putida PhaZ

have previously been characterised. [58] However, its role is not confined exclusively

to times of starvation. It is expressed in both PHA accumulating and non-accumulating

condition, although this expression differs depending on the conditions of the cell. This

constitutive expression supports the theory that PHA is constantly being overturned, and

acts as a sink for reducing equivalents. [58]
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Transcriptional regulator, PhaD

PhaD is a gene which codes for a transcription regulator. The protein is a Tet-R like reg-

ulator, which is thought to be a carbon source dependent activator of the pha cluster. [60]

PhaD activates the transcription of the pha cluster in times of carbon excess. PhaD has

also been shown to form a complex with PhaF, although it is not a granule-associated

protein. [61]

Phasins

There are two phasins identified in P. putida; PhaF and PhaI. PhaF is a nuceloid-associated

proteins that is involved in granule localisation and segregation during cell division. [62]

PhaF has recently been shown to form a complex with PhaI, the other known phasin in P.

putida [61] Structural studies have revealed PhaF is a tetramer which is mostly disordered

without a ligand. [63]

1.3.2 Regulation of PHA production in P. putida

PHA synthase and PHA depolymerase are both expressed constitutively at all growth

stages on the carbonosome. This constitutive expression suggests that their activity must

be regulated at a protein level to prevent a futile cycle. [54] Significant amounts of re-

search has been undertaken to elucidate the mechanisms by which the cell regulates the

PHA pathway. Several mechanisms of regulation of PHA production in P. putida have

been identified (Table 1.2). However, it is important to note that not all of these methods

of regulation directly affect PHA production. For instance, the deletion of relA and spoT

genes increased the expression of phasin proteins (PhaI and PhaF) but no change in the

amount of PHA produced was observed. [64]
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Table 1.2: Types of regulation present in P. putida. Table adapted from Mitra et al, [65]

Reference Target
Gene Regulator Effect on target gene Effect on PHA

Hoffmann
(2004) [66] RpoN Global regulator

RpoN acts as a negative regulator of phaF
expression under nitrogen excess conditions.

rpoN mutant accumulated more PHA during
nitrogen limitation compared with nitrogen excess.

Raiger-Iustman et al,
(2008) [67] RpoS Global regulator

RpoS might serve as a negative regulator
of phaC1 promoter. Deletion of rpoS gene increased PHA degradation.

Fonseca et al.
(2014) [68] PsrA Transcriptional regulator

PsrA is involved in the fatty acid –
PHA metabolic network.

Deletion of psrA gene reduced the PHA production,
also changed the monomer composition.

Mozejko et al.
(2017) [64]

Stringent
response Global regulatory system

Deletion of the relA and spoT genes
significantly increased expression
of the phaIF genes.

PHA production in the relA/spoT mutant was
similar under both nitrogen limiting and
non-limiting conditions.

Velázquez et al.
(2007) [69] PTS system

Multicomponent system responsible
for uptake and concomitant
phosphorylation of carbohydrates

ptsP or ptsO deletion impaired PHB accumulation;
ptsN mutation increased PHB synthesis.

Galán et al.
(2011) [62] PhaF

Intrinsically disordered protein,
nucleoid binding ability,
PHA granule binding ability,
involved in PHA granule segregation

Deletion of phaF reduced transcription of
phaC1 gene by 3.5-fold;
Higher transcriptional level of phaI in
wild type in the phaF mutant.

PhaF acted as an activator of PHA synthesis;
PHA content was reduced in the
phaF mutant during continuous fermentation.

De Eugenio et al.
(2010) [60] PhaD TetR-like transcriptional regulator

PhaD acts as a carbon- dependent
activator of the pha gene cluster.

Disruption of phaD significantly affected
PHA accumulation in the presence of octanoate.

La Rosa et al
(2014) [13] Crc Global regulator

Crc represses phaC1 expression
post-transcriptionally inhibiting its translation
in nutritionally balanced medium.

Inactivation of crc gene increased PHA accumulation
in nutritionally balanced medium.

Ryan et al.
(2013) [70]

GacS/GacA
system Two-component system

Disruption of gacS reduced transcription rate
of the entire pha cluster.

Disruption of the GacS sensor kinase was
linked to reduced PHA production.
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As aforementioned, PhaD is a transcriptional regulator of the pha cluster, and activate

PHA genes in carbon excess conditions. Disruption of this gene has been shown to sig-

nificantly affect PHA accumulation in the presence of octanoate. [60]

PhaF, as well as having a structural role in granule segregation, also acts as a negative reg-

ulator of the phaC1 gene and the phaIF operon in PHA non-accumulating conditions [62].

The exact mechanism by which it exerts this regulation is unknown, but PhaF has recently

been shown to form a complex with PhaD [61] and therefore may act as a coactivator of

PhaD.

However, the regulation of PHA production in P. putida is not limited to regulation

by PHA-related proteins. Multiple global regulators have been shown to regulate the ex-

pression of pha genes. For example, the global regulator, Crc, acts as a negative regulator

of pha genes in times of a balanced carbon to nitrogen ration. [13] Also, disruption of the

GacS sensor kinase in P. putida resulted in a decrease in PHA accumulation [70].

There is also a wide range of post translational modifications (PTMs) which can

quickly switch the cell from active to inactive in response to changes in the cellular envi-

ronment. This is important as the cell must be able to quickly respond to its environment

to increase fitness and prevent waste of valuable resources. Traditionally, PTM’s were

thought to be associated primarily with eukaryotic cells. However, recent studies have

shown that these PTM’s are also widespread in the prokaryotic world. Cao et al found

that acetylation in L. interrogans can regulate many functions including transcription and

signal transduction. [71] Ravichandran et al proved that phosphorylation is widespread

in Pseudomonas species, and is involved in motility, transport, and pathogenicity path-

ways. [72] Other examples include carboxylation which is critical for the activity of en-

zymes associated with beta-lactam resistance, and ribosylation which is used as a viru-

lence mechanism. [73] Considering the huge diversity in PTM’s and the roles they play

in signalling cascades, it seems likely that PTMs may play a role in the PHA pathway.

Indeed, Juengert et al recently showed that phosphorylation seems to be an important
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regulatory mechanism in Ralstonia eutropha, a PHB-producing bacteria. This was the

first paper to investigate the role of a post-translational modification in the regulation

of enzymes involved in the PHA pathway. PHB polymerase PhaC1 was found to be

phosphorylated in the stationary growth phase only and modifying these phosphosites

has a significant negative impact on the activity of PhaC1. [74] This potential for post-

translational modifications would introduce another layer of complexity to be considered

when studying the regulation of the PHA cycle.

Considering these multiple layers of regulation, it is apparent that the production of

PHA in P. putida is a complex system, that interacts with several pathways. However,

there is a distinct lack of research into the proteome of P. putida and how it shifts dur-

ing PHA production. Therefore, further study is required using proteomic approaches

to determine the proteins involved in PHA production and how they interact with other

pathways in P. putida.

1.3.3 Using proteomics to understand PHA production

The term proteomics was first coined by Marc Wilkins in 1994, to describe the large-

scale study of proteins. [75] Proteomics involves the study of protein properties such as

modification, localisation, quantification, and identification. Proteomic studies are more

complex than genomics because while the genome of an organism is more or less constant,

proteomes can vary depending on the cellular environment.

Studying the proteome of a cell is useful, as it gives us an insight into how the cell is

responding to its environment at any given time. This approach can identify proteins

which play an important role in particular cell environments. The use of proteomics to

develop a deeper understanding of PHA production is an area that requires more attention.

By 2021, only five papers had described using proteomics to analyze the biosynthetic

process of mcl-PHAs. [76] These are summarised in Table 1.3.
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Table 1.3: Proteomic studies of mclPHA producers

Paper Strain Description Strategy

Castro et al, 2012 [10] P. putida KT2442
Response to nutrient limitation strategies
in sodium octanoate medium 2D-DIGE

Mozejk et al, 2019 [77] P. putida KT2440
Growth on oleic acid, proteins related to
carbon metabolism are affected 2D-DIGE

Mozeko, 2019 [14] P. putida KT2440
Growth on sodium octanoate, identified proteins
upregulated across timepoints 2D-DIGE

Fu, 2015 [78] P. putida LS46
Growth on waste glycerol,
compared to transcriptome data LC-MS

Jasmina, 2009 [11] P. putida CA-3
Nitrogen limitation, growth on styrene.
Increased expression of outer membrane lipoproteins SDS-PAGE, LCMS

Three of the previous five studies used two-dimensional difference gel electrophore-

sis (2D-DIGE) linked to mass spectrometry to identify differential expressed proteins

between two conditions. This does not allow proteins with subtle changes in protein

expression levels to be detected. For instance, Mozejko et al did not identify any PHA-

related proteins with differential expression between nitrogen limited and nitrogen excess

conditions. They suggested that a low concentration of these proteins did not allow for

their detection [77]. Similarly, Poblete did not detect any PHA-related proteins in nitro-

gen limited and nitrogen excess conditions when P. putida cells were grown on sodium

octanoate. This was despite transcriptomic evidence that suggested multiple PHA-related

proteins were upregulated. The lack of PHA related proteins identified was a major hin-

drance in drawing conclusions on how PHA accumulation affected the cell proteome.

Although these previous studies (Table 1.3) have shed some light on the pathways

involved in PHA production, further studies are required to fully elucidate all proteins

which are upregulated during PHA production. Developments in recent years have al-

lowed a more holistic approach to investigate whole proteomes. In order to gain a more

global view of the proteome of a bacteria, and changes in response to environmental fac-

tors, more quantitative techniques have been developed, where whole proteomes can be

compared to each other. These developments include improving sensitivity and resolution

in the field of mass spectrometry, coupled with advancing analytic software and bioinfor-

matic approaches. [79]
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Label-free quantitative proteomics (LFQP) can be used to resolve and recognise thou-

sands of proteins from complex biological samples. This involves the digestion of proteins

into a peptide mixture, which is then analysed by tandem mass spectrometry (MS/MS)

and recognised by database searching. Relative abundance between protein samples can

be identified and statistical analysis carried out to identify changes in protein abundance

that may have biological relevance. This approach was implemented by Nikodinovic to

identify proteins in the P. putida when grown on styrene. Nikodinovic observed PhaC1,

PhaC2, PhaI and PhaF expression in nitrogen limited conditions [11].
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1.3.4 Aims

Despite P. putida being one of the most well studied PHA producers, much is yet to be

understood about the PHA pathway, how it is regulated and how it interacts with other

pathways. Recent advances in proteomic techniques, specifically mass spectrometry, has

allowed for much more in depth study of the changes in proteomes. Better accuracy of

the machinery, and improved software for analysis now allows the proteome to be glob-

ally surveyed and detect any subtle changes which occur. A better understanding of the

mechanism of PHA production is vital in order for the potential of bacterial PHA to be

incorporated into the bioplastics industry to be realised.

Therefore, the overarching aim of this project is to develop a deeper understanding of

mcl-PHA production in Pseudomonas putida KT2440 using proteomic approaches.

The global proteome of P. putida in PHA accumulating and non-accumulating conditions,

using glucose as a carbon source, will be compared using LFQ proteomics. This will re-

veal the proteomic changes P. putida undertakes in PHA accumulating conditions.

The second aim of this project is to investigate the proteins associated with the PHA

granule of P. putida. To do so, we will isolate the PHA granule using a density isolation

approach and analyse proteins found in the PHA fraction using LCMS.

Finally, we will investigate the protein-protein interactions of PHA-related proteins

using an affinity purification approach, coupled to mass spectrometry.
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Chapter 2

Global proteome of Pseudomonas putida

KT2440 in PHA accumulating

conditions

2.1 Abstract

Pseudomonas putida KT2440 is considered a model organism for the production of medium

chain length (mcl) PHA. While many studies have focused on specific enzymes involved

in the production of PHA, the changes that occur on a whole proteome level, including

regulatory and supplementary pathways are less well understood. Nutritional stresses,

such as nitrogen limitation can induce production of PHA, which serves as a reserve en-

ergy source for the organism.

Here, a liquid chromatography mass spectrometry (LCMS) approach was implemented in

order to gain an insight into proteome status at various timepoints in both nitrogen limit-

ing and nitrogen excess conditions, using glucose as a carbon source.

Using this approach, 52% of the theoretical P. putida proteome was successfully anal-

ysed. Statistical analysis of up and down regulated proteins revealed a major shift in the

cell metabolism as well as confirming expression changes in known PHA pathway pro-

teins, including the phasins, PhaI and PhaF. Several pathways including ABC transporters



and nitrogen metabolism were found to be altered.

This work represents a valuable dataset of protein expression change and sheds lights on

how the cell responds to nitrogen limitation. It also highlights pathways and individual

proteins which may play a role in PHA production that were previously unknown.

2.2 Introduction

Pseudomonas putida KT2440 is considered as a model organism for the production of

mcl-PHA. As discussed in Chapter 1 of this thesis (section 1.2.4.2), there are two general

approaches used by P. putida to synthesize precursors for PHA production. These are fatty

acid de novo biosynthesis and β oxidation. Non-structurally related carbon substrates,

such as glucose or glycerol are channelled into the PHA synthesis pathway through the

de novo fatty acid synthesis pathway. Fatty acid substrates, which structurally resemble

the PHA monomer, enter the β oxidation pathway. [40]

To date, most investigations into PHA production by P. putida have focused on the

use of fatty acids as a carbon source. Previous groups have looked at proteome changes

during mcl-PHA synthesis have been reported for sodium decanoate and waste glycerol or

waste fatty acids. Fu et al, found that PHA related proteins were significantly upregulated

during PHA production in P. putida cultured in waste fatty acids. [78] Mozejko et al, 2019

investigated the proteome of P. putida when grown with oleic acid as the primary source

of carbon and noted the induction of proteins involved in nitrogen metabolism, ribosome

synthesis and transport. [77]

Using fatty acids as a carbon source has been shown to result in PHA yields of up to

80% of cell dry weight [80]. However, the use of fatty acids increases the production cost

of PHAs, so substituting a cheaper carbon source (such as glucose or glycerol) would be

more cost effective. [80]
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PHA production from non-related carbon sources has been shown to produce lower

yields. For instance, Wang et al, found that PHA accounted for 1.7% of the cell dry

weight (CDW) of P. putida cells grown using glucose. In comparison, PHA accounted

for 17.9% of cell dry weight for P. putida cells grown on fatty acids [81]. In order to im-

prove the yield of PHA production for non-related carbon sources, researchers first need

to get a better understanding of the proteome of P. putida when PHA is being accumulated

through the de novo biosynthesis pathway.

2.2.1 Production of PHA from P. putida using nitrogen limitation

Nitrogen limitation has been known to induce PHA production since 1958, when Macrae

and Wilkinson showed that Bacillus species grown in nitrogen limited conditions had

about a four fold increase in PHB production. [37] When using fatty acids as a carbon

source, nitrogen limitation increases PHA production but is not essential. In comparison,

for production of PHA from non-related carbon sources, nutrient limitation is essential to

induce PHA accumulation.

P. putida has been shown to produce PHA when glucose is used as a carbon source

under nitrogen limiting conditions. [80] In the study by Poblete et al, the accumulation

of PHA by P. putida cells using glucose as a carbon source was instigated by a limited

amount of ammonium provided in the growth medium. [80]

The exact mechanism by which nitrogen limitation induces PHA accumulation has

not yet been fully elucidated since the regulatory systems of P. putida are very complex.

A global regulator, RpoN has been shown to be a negative regulator of the P. putida phasin

PhaF in nitrogen excess conditions. Another global regulator(Crc) has been linked to de-

creased PhaC1 expression in nitrogen excess conditions. [65]

PHA accumulation has also previously been enhanced under conditions of excess car-
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bon and limitation of another nutrient, such as sulfur, oxygen, phosphorous or magne-

sium. [82]. However, nitrogen is the most common limiting nutrient by far. For some

bacteria, such as Azotobacter spp., the most effective nutrient limitation approach is oxy-

gen [83].

2.2.2 Proteomic analysis of P. putida proteome in PHA accumulating

conditions

In order to get a better understanding of how PHA production was controlled when

P. putida was accumulating PHA using glucose as a carbon source, we compared P.

putida growth in nitrogen limited (PHA accumulating) and nitrogen excesss (PHA non-

accumulating) conditions. It has previously been shown that PHA accumulation in P.

putida grown on glucose is only triggered when nitrogen becomes limited [80].

As mentioned in Chapter 1 of this thesis (section 1.3.3), there are only five published

studies using proteomics to analyse PHA production. In two of these studies, PHA was

accumulated via the de novo fatty acid pathway [10] [14]. Both of these papers used a 2D-

DIGE approach to identify differentially regulated proteins between PHA accumulating

and non-accumulating conditions. Although 2-D PAGE proteome analysis is one of the

most employed techniques in the proteomics field in bacteria, it did not capture the entire

proteome of the tested conditions, and no known PHA-related proteins were identified in

either study. [10] [14]

To get an insight into what proteins were changing between nitrogen limited and nitro-

gen excess conditions, we employed sensitive LCMS techniques to the entire solubilised

P. putida proteome. Label-free quantitative proteomics (LFQP) was used to resolve and

recognise thousands of proteins from this complex biological sample. As with all MS

methods in this thesis, proteins were first digested into peptides using trypsin and af-

terwards analysed by tandem MS (MS/MS). Proteins were identified by sequencing of

the individual tryptic peptides combined with amino acid sequence database searching.
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Statistical analysis was then employed which allowed significant changes in relative pro-

tein levels between the two conditions to be detected. An overview of this approach is

provided in Figure 2.1.
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Figure 2.1: Workflow for comparing the proteome of P. putida in PHA accumulating
and non PHA accumulating conditions using glucose as a carbon source P. putida
cells were subjected to LCMS analysis to identify upregulated proteins in response to
nitrogen limitation
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2.3 Materials and Methods

2.3.1 Growth Conditions

P. putida cells were grown overnight in 5ml LB broth, pH 7 at 30◦ C, 250 rpm. 1ml of

this overnight culture was inoculated into 50ml of autoclaved M9 minimal media (pH7.2)

with glucose as the carbon source. M9 contained the following components (per L):

Minimal Salts Medium (MSM) contained per litre 9 g Na3 PO4 12H2O, 1.5 g KH2 PO4

and 0.1 g/6g NH4 Cl (nitrogen (N)-limitatio/ N excess), 1 mL MgSO4 7H2O (1 M stock

solution; added after autoclaving) and 1 mL trace elements (per litre: 4 g ZnSO4 7H2O;

1 g MnCl4 H2O; 0.2 g Na2B4O7 10H2O; 0.3 g NiCl2 6H2O; 1 g Na2 MoO4 2H2O ; 1 g

CuCl2 H2O; 7.6 g FeSO4 7H2O; added after autoclaving).

For PHA accumulating conditions, nitrogen was limited to 0.1g/l . To inhibit PHA

accumulation, nitrogen was provided in excess (6g/l). Cultures were grown at 30◦ C until

a specified time point. At this time, cultures were taken and spun down for 10 minutes

at 5,000 rpm. Pellets were then washed twice with phosphate buffered saline (pH 8), and

immediately frozen at -80◦C until further analysis. Samples were taken after eight hours

(T8), sixteen hours (T16), twenty-four hours (T24) and fourty-eight hours (T48).

2.3.2 Sample Preparation

Sample preparation was carried out according to a previously published protocol. [84] In

brief, frozen pellets were thawed on ice and resuspended in 8M urea, to a uniform pro-

tein concentration of 100ugul. Firstly, cysteines were reduced using dithiothreitol (DTT)

followed by alkylation with iodoacetamide (IAA). Dithiothreitol, iodoacetamide and urea

concentrations were diluted using 50mM Ammonium Bicarbonate (NH4HCO3) before

trypsin singles proteomic grade (Sigma-Aldrich) was added, ensuring a urea concentra-

tion of less than 2M. Digestion was carried out overnight at 37◦C. The digested samples

were then acidified to pH 2.5 by the addition of 3ul of formic acid and the peptides were

then purified using ZipTip C18 columns (Merck Millipore, USA). The ZipTips were equi-

librated with 20 ul acetonitrile and 20 ul 0.1 % (v/v) formic acid. To bind the peptides
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to the column, the peptide solution was aspirated 10 times. The bound peptides were

washed with 0.1 % (v/v) formic acid and eluted in a clean LoBind Eppendorf with 40 ul

70 % (v/v) acetonitrile in 0.1 % (v/v) formic acid. After the concentrating step (1 h at 45 ◦

C, Concentrator 5301; Eppendorf, Germany) the peptides were resuspended in 15ul 0.1%

(v/v) formic acid for the LC-MS/MS analysis.

2.3.3 HPLC and Mass Spectrometry

The samples were analyzed by the Mass Spectrometry Resource (MSR) in the Conway

Institute, University College Dublin on a Thermo Scientific Q Exactive mass spectrometer

connected to a Dionex Ultimate 3000 (RSLCnano) chromatography system. Peptides

were separated on C18 home-made column (C18RP Reprosil-Pur, 100mm x 0.075 mm

x 3 um, Dr. Maisch, Germany ) over 58 min at a flow rate of 250 nL/min with a linear

gradient of increasing buffer B from 1% to 27%. The buffers used in the gradient were

buffer A (0.5% acetic acid) and buffer B (97.5% acetonitrile, 0.5% acetic acid). The mass

spectrometer was operated in data dependent mode; a high resolution (70,000) MS scan

(350-1600 m/z) was performed to select the twelve most intense ions with an automatic

gain control (AGC) target of 3e6 and an injection time of 60 ms and fragmented using

high energy C-trap dissociation for MS/MS analysis. The MS2 was conducted with a

resolution of 17,500, an AGC target of 5e4 with an injection time of 250ms.

2.3.4 Protein Identification

Raw data from the Orbitrap Q-Exactive was processed using MaxQuant version 1.6.5.0

[85], which incorporates the Andromeda search engine. Most parameters were kept to

a default setting in MaxQuant, with a False Discovery Rate (FDR) of 1 % on both the

protein and peptide level. Tryptic specificity was set to allow a maximum of two missed

cleavages. Carbamidomethyl (C) was set as the only fixed modification, and acetylation

of the protein N-terminal and oxidation(M) were set as variable modifications. Spectra
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were matched to the P. putida KT2440 database, which was downloaded from Uniprot in

FASTA format (03.01.2019).

2.3.5 Data Analysis and Processing

The Perseus statistical software (version 1.6.5.0) was used to analysis the LFQ intensities.

[86]. The number of proteins was determined after potential contaminants were removed

from the list of protein identifications. LFQ intensities were log2x transformed prior to

analysis. Imputation was carried out to replace missing values. T-tests and volcano plots

was also performed on Perseus. Pathway analysis was carried out on ClueGo, a plugin of

Cytoscape software. [87] Graphs were produced using GraphPad Prism Version 8.1.2 for

Windows, GraphPad Software, La Jolla California USA.

2.3.6 Nile red staining

To prove differential amounts of PHA was being accumulated between the two condi-

tions, a Nile red stain was carried out. This was carried out on a 96-well black plate,

according to a modified version of the protocol by Zuriani et al, 2013. [88]. 80ug/ml

solution of Nile red in DMSO was prepared. 1ml of P. putida culture from each sample

was equalized to OD600nm 0.5. These were centrifuged, and the supernatant discarded.

The pellet was then resusupended in 1mL Phosphate Buffered Saline (PBS) and recen-

trifuged. The supernatant was again discarded and the pellet resuspended in 0.5mL 35%

ethanol solution. This was left to rock at room temperature for 15 minutes. The tube was

then centrifuged and the supernatant discarded. 940ml of PBS was added to the pellet

and 70uL of the Nile red Solution. The pellet was resuspended and rocked in the dark for

4 hours. Samples were diluted 10-fold in phosphate buffered saline (PBS) and 200uL of

the diluted solution was placed in a 96-well black plate. The plate was then read using an

excitation wavelength set to 535nm and emission at 605nm.
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2.4 Results

2.4.1 Growth of P. putida in PHA accumulating and non accumulat-

ing conditions

The growth of P. putida cultures grown in PHA accumulating using glucose as a carbon

source was compared to P. putida cultures grown in PHA non-accumulating conditions,

also using glucose as a carbon source. PHA accumulation was induced by limiting nitro-

gen in the growth medium (0.1g/L ammonium chloride in nitrogen limiting conditions,

6g/L in nitrogen excess conditions). The growth of P. putida cultures was assessed by

measuring the optical density at 600nm. Cultures were grown in biological triplicate, at

30◦ C. Figure 2.2 shows the timecourse profile for cultures grown in nitrogen limited and

nitrogen excess conditions, with error bars representing the standard deviation. Nitrogen

limited cultures showed lower absorbance, indicating slower growth. An increase in ab-

sorbance is observed between 32 and 48 hours under nitrogen limiting conditions. This

may be as a result of an increase in the amount of PHA accumulated at this time, as shown

in Figure 2.3. The presence of PHA granules in nitrogen limited samples may be affecting

the OD values, giving inaccurate values.
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Figure 2.2: Timecourse profile for P. putida growth in nitrogen limited (0.1g NH4Cl
/L) and nitrogen excess conditions (6g NH4Cl/L). Carbon source used was glucose
(20g/L) Cell density was measured at 600nm. Error bars represent the standard deviation
of biological replicates (n=3)

Both conditions had a similar lag phase, lasting approximately four hours. After eight

hours of growth (T8), both nitrogen limited and nitrogen excess cultures are in the expo-

nential growth phase.

After 16 hours of growth (T16), the cells in nitrogen limited conditions reach the station-

ary phase, while the cells in nitrogen excess conditions continue to grow exponentially.

At this stage (T16) there is a noticeable difference in the growth curve between nitro-

gen limited (average OD 2.673) and nitrogen excess conditions (OD 6.757). After 24

hours of growth (T24), both conditions are in stationary phase, although nitrogen limited

conditions continue to show lower absorbance readings (N exc OD=7.17 versus N lim

OD=2.77) This trend continues, and after 48 hours, nitrogen excess cultures had an aver-

age OD600nm measurement of 7.517, while nitrogen limited cultures had an average of

4.485.
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2.4.2 PHA accumulation in P. putida cultures

To determine the relative amounts of PHA being accumulated at each timepoint, a Nile

red stain was carried out. This assay was based on a protocol developed by Zurani et al,

2013 [88]. Nile red binds to intracellular lipids, thereby staining PHAs. Nile red has been

used extensively in the past to detect PHA accumulating cells, in flow cytometry [89],

fluorescence microscopy [90] and to differentiate visually between growing cultures. [91]

Nile red is fluorescent in hydrophobic environments, the basis of the assay. It is used to get

relative quantification by measuring the fluorescence of cell cultures. Figure 2.3 shows the

relative fluorescent units (RFU) of nitrogen limited and nitrogen excess cultures, at var-

ious timepoints. T-test analysis was carried out in prism (p< 0.05) to determine if there

was a significant difference in Nile red staining between nitrogen limited and nitrogen

excess samples. This revealed that only the samples at T48 displayed significantly differ-

ent florescence measurements (p=0.009). After 48 hours, nitrogen limited samples have

significantly higher RFU measurements (mean RFU Nlim= 7820,mean RFU Nexc=2779,

p=0.009) , indicating that more PHA has been accumulated.

Figure 2.3: PHA accumulation in P. putida cultures grown on glucose in the pres-
ence/absence of a nitrogen source. Nile red was used to stain PHA in cells and the
relative fluoresence units (RFU) measured to compare PHA accumulation levels between
nitrogen limited and nitrogen excess conditions. Cultures grown in nitrogen limited condi-
tions showed a significant increase (p value=0.009) in RFU after 48 hours, corresponding
to an increase in PHA accumulation. ∗ indicates a significant difference (p<0.05)
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2.4.3 Proteome Analysis of P. putida cultures in PHA accumulating

and non-accumulating conditions

In the previous section (section 2.4.1), we identified that P. putida cultures grown in ni-

trogen limited conditions showed slower growth compared to P. putida cultures grown in

nitrogen excess conditions. (Figure 2.2). We also showed that in late stationary phase,

significantly more PHA is accumulated in nitrogen limited conditions compared to nitro-

gen excess conditions (Figure 2.3).

Next, we wanted to investigate the difference in the P. putida proteome between nitro-

gen limited versus nitrogen excess conditions. P. putida cultures were grown up in 50ml

of minimal media, in either nitrogen limited (PHA accumulating) or nitrogen excess (non-

PHA accummulating) conditions, using glucose as the carbon source. All growth experi-

ments were carried out in biological triplicate to test for biological variability.

Cultures were harvested at exponential growth (T8), early stationary growth (T16,

T24) and late stationary growth (T48). Harvested cells were spun down (10,000rpm, 10

minutes), and lysed using 8M urea. Lysed cells were digested with trypsin, purified using

C18 ZipTip columns and subjected to LCMS analysis.

The P. putida KT2440 protein sequence database was downloaded from Uniprot. This

contained all FASTA sequences of P. putida and was used to search against the mass

spectra obtained from the LCMS. The software package MaxQuant was used to quantify

peptides by label-free quantitation (LFQ) and identify proteins from the database. An-

other software package, Perseus, was used to perform statistical analysis on the identified

proteins and statistically analyse differences in expression between nitrogen limited and

nitrogen excess conditions.

In total, 2,985 proteins and 29,119 peptides were identified by MaxQuant. Poten-

tial contaminants were filtered out. These include keratin from human skin, for instance,
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which is usually found in mass spectrometry samples, as a result of contamination during

preparation steps. Trypsin autocatalytic products were also excluded. Proteins only iden-

tified by site were also excluded. These refer to proteins which only have peptides which

have been modified identified. Peptide identifications based only on modified peptides

are generally low confidence, therefore these results were also excluded.

When potential contaminants and proteins only identified by site were removed, 2,884

proteins remained. This represents approximately 52% of the theoretical P. putida pro-

teome.

Label-free quantitation (LFQ) intensity values were used to compare intensity be-

tween samples. These are intensity values which have been normalised by MaxQuant,

to reflect the ratio changes between each sample. [92] The LFQ intensity for each pro-

tein was log transformed to allow statistical tests to be carried out. Imputation was then

carried out to replace any missing values. These are typically proteins which are in low

abundance and are therefore below the level of detection of the machine. This missing

data could skew statistical analysis. To circumvent this, missing values were replaced

with number selected to reflect the normal distribution. Figure 2.4 shows the distribution

of protein intensities in each sample, following log transformation and imputation. Im-

puted values are highlighted in red, and are on the lower end of the distribution. The LFQ

values follow a normal distribution therefore statistical tests such as the student t-test are

suitable.
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Figure 2.4: Log transformed LFQ intensity (x-axis) vs. protein counts (y-axis) for
each sample show a normal distribution. Red values denote imputed values which
were given low values from the normal distribution. This distribution shows the data is
suitable for many statistical analysis
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In order to provide an overview of the results and to examine the scale and repro-

ducibility of the experiments, we used a) hierarchical clustering to provide an overview

of the experiment and b) compared the similarity of protein levels in each pair of experi-

ments using the Pearson correlation.

Hierarchical clustering arranges experiments and proteins that are most similar beside

each other and places proteins with similar expression levels across multiple experiments

into adjacent groups of ‘clusters’. Figure 2.5 shows the expression levels for each pro-

tein across all experiments, based on a green/red intensity scale. Red indicates a relative

increase in protein expression levels, while green indicates a relative decrease in protein

expression levels. As expected, nitrogen limited and nitrogen excess samples formed two

distinct groups. Samples collected during exponential growth (T8) also group together,

showing a similar protein expression pattern. It is clear from this map, that the biological

replicate samples are highly correlated, indicting that the analysis platform is robust and

reproducible.
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Figure 2.5: Protein expression in the P. putida proteome growth in nitrogen limited
(N lim 0.1g NH4Cl) and nitrogen excess (N exc 0.6g/L NH4Cl) conditions using glu-
cose as the carbon source. Suffixes (1,2,3) indicate biological replicate experiments.
Biological replicates are grouped together showing similar expression and therefore, a
reproducible experimental approach
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The Pearson correlation coefficient was calculated for each pair of samples to quantify

how similar the protein expression data for each sample was. It is expected that biological

replicates should have similar protein expression profiles, so the correlation between repli-

cates should be high. Figure 2.6 displays the Pearson correlation between each sample,

with darker boxes indicating a lower Pearson correlation value. The Pearson correlation

value between biological replicates was over 0.9, indicating a strong correlation between

samples. Biological replicates show higher correlation with each other than other repli-

cates.

42



Figure 2.6: Protein expression similarity for all timecourse experiments. The simi-
larity between each pair of experiments (proteins identified and their relative levels) was
calculated using the Pearson Correlation Coefficient and plotted as a distribution map for
all experiment pairs. Suffixes (1,2,3) indicate replicate experiments. Biological replicates
show a high correlation

2.4.4 Identifying differentially expressed proteins

Having ascertained the data quality of the experiments, we next set out to determine what

proteins were changing in nitrogen limited versus nitrogen excess conditions at each time-

point. In order to do this, a two-sample student t-test was carried out on each timepoint,
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in nitrogen limited, versus nitrogen excess conditions.

Parameters were used for t-test as the following: false discovery rate (FDR) of 0.05

(i.e. 5% rate of error) and the “artificial within group variance” (S0) was set to 1 (this

controls the importance of the t-test p-value and the difference between the means of

compared groups/values of groups; at S0 = 0 only the p-value matters, whereas anything

> 0 means that the difference in the means also matters).

This compares the difference in means of proteins between the two sets and and the

probability that this difference is significant (i.e rejects the null hypothesis that the level

of a given protein does not change between conditions) Proteins were considered signif-

icantly enriched if they had over 2 fold increase (which corresponds to a t-test differ-

ence of 1), and a q-value of less that 0.05. (default Perseus parameters were used, s0=1,

FDR=0.01) A q-value measures the proportion of false positives incurred (that is, the false

discovery rate, FDR ) when that particular test is called significant. It is an adjusted p-

value, taking into consideration the fact that multiple tests have been performed.

Figures 2.7 and 2.8 show the t-test difference in means between the expression levels of

each protein in nitrogen limited versus nitrogen excess conditions (t-test difference) In

each figure, PHA-related proteins of interest are highlighted in red.
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Figure 2.7: Volcano plots comparing the expression of proteins in P. putida grown
in nitrogen limited versus nitrogen excess conditions using glucose as the carbon
source. To identify significantly upregulated proteins the following cut-offs were used
FDR=0.05, t-test difference of 1.
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Figure 2.8: Volcano plots comparing the expression of proteins in P. putida grown
in nitrogen limited versus nitrogen excess conditions using glucose as the carbon
source. To identify significantly upregulated proteins the following cut-offs were used
FDR=0.05, t-test difference of 1.
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2.4.4.1 P. putida proteome during exponential growth

After 8 hours of growth, cells in both nitrogen limited and nitrogen excess conditions are

in the exponential phase of growth (Figure 2.2). One would expect minimal amounts of

PHA to be accumulated at this stage of growth. Indeed, this is confirmed in Figure 2.3,

where both nitrogen limited and nitrogen excess conditions display low fluorescence, rel-

ative to the other timepoints.

Proteomic analysis revealed that both nitrogen limited and nitrogen excess conditions

display very similar protein expression patterns. As the heatmap (Figure 2.5) shows, all

samples taken in the exponential phase (T8) are grouped together on the heatmap, regard-

less of the nitrogen concentration in their growth medium. When taking all replicates

and conditions into consideration, three distinct groups are formed, nitrogen limitation,

nitrogen excess and T8 replicates.

Furthermore, the Pearson correlation analysis (Figure 2.6) shows a very high correla-

tion between all samples at T8, with a minimum value of 0.93. This reflects a very high

similarity in protein expression between all samples, regardless of the nitrogen status in

their growth medium.

Following t-test analysis, no proteins were found to be significantly differentiated at

this timepoint (s0=1, FDR=0.05). As Figure 2.7 shows, the student t-tests differences

were grouped close to zero in the volcano plot, showing there was only small difference

in means. Overall, this analysis suggests that after eight hours the proteome of both con-

ditions was very similar and nitrogen limitation had not yet come into affect.

2.4.4.2 P. putida cells in PHA accumulating conditions in early stationary phase

After 16 hours of growth, difference in nitrogen limited versus nitrogen excess conditions

begin to emerge. Figure 2.2 shows a rapid increase in bacterial growth in nitrogen excess

conditions versus nitrogen limited conditions. After 16 hours, the average OD.600 of ni-
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trogen excess conditions is 6.757, over double that of nitrogen limited conditions (2.673).

After 16 hours of growth, P. putida cells in nitrogen limited conditions are in early sta-

tionary phase.

Significant amounts of PHA do not appear to have been accumulated yet. As shown

in Figure 2.3, there is no significant difference in fluorescence between nitrogen limited

and nitrogen excess conditions at T16.

Differences in protein expression can be seen in Figure 2.5, with T16 nitrogen limited

samples grouped with other nitrogen limited timepoints and T16 nitrogen excess samples

grouped with other nitrogen excess timepoints. T-test analysis (FDR 0.05, s0=1) revealed

128 differentially expressed proteins between nitrogen limited and nitrogen excess con-

ditions at this timepoint. Of these proteins, 54 proteins were less abundant in nitrogen

limited conditions, with the remainder (74) being enriched in nitrogen limited conditions.

Proteins upregulated in nitrogen limited conditions are 16 hours of growth are shown in

Table 2.1
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Table 2.1: Proteins significantly upregulated in nitrogen limited conditions in P.
putida cells grown using glucose as a carbon source (FDR=0.05, s0=1). Cells were
harvested in early stationary phase (T16)

Protein IDs Protein names q-value
T-test
Difference

Q88Q76 Branched-chain amino acid ABC transporter, periplasmic amino acid-binding protein 0.000 7.000
Q88JG1 Uncharacterized protein 0.000 6.279
Q88Q81 Putative N-carbamoyl-beta-alanine amidohydrolase/allantoine amidohydrolase 1 0.000 5.615
Q88QF0 Ethanolamine transporter 0.000 5.429
Q88DD9 Putative methyl-accepting chemotaxis transducer 0.000 5.273
Q88M34 Choline / betaine / carnitine ABC transporter-substrate binding protein BetX 0.015 5.046
Q88Q80 Branched-chain amino acid ABC transporter, ATP-binding protein 0.000 4.942
Q88DF8 Branched-chain amino acid ABC transporter, periplasmic amino acid-binding protein 0.013 4.862
Q88NB2 Putative amino acid ABC transporter-ATP-binding subunit 0.000 4.655
Q88JG3 Transglutaminase-like superfamily domain protein 0.000 4.653
Q88JG2 Alpha-E domain-containing protein 0.000 4.584
Q88L41 Putative Nitrate-binding protein NasS 0.000 4.462
Q88PD5 Superoxide dismutase [Fe] 0.016 4.266
Q88FQ1 NADP-dependent dihydropyrimidine dehydrogenase subunit 0.042 4.106
Q88DI0 Putative Urea ABC transporter, ATP-binding protein 0.000 4.007
Q88DI3 Putative Urea ABC transporter 0.017 3.981
Q88Q79 Branched-chain amino acid ABC transporter, ATP binding protein 0.016 3.839
Q88M48 ABC transporter, periplasmic binding protein 0.000 3.771
Q88L42 NasT 0.000 3.609
Q88C80 Aminoacrylate/iminopropionate hydrolase/deaminase 0.016 3.586
Q88CQ0 Phosphoethanolamine/phosphocholine phosphatase 0.013 3.533
Q88NB4 Putative amino acid ABC transporter-permease subunit 0.014 3.532
Q88C43 Acetylpolyamine aminohydrolase 0.000 3.470
Q88DI1 Putative Urea ABC transporter, ATP-binding protein 0.015 3.405
Q88DG2 High-affinity branched-chain amino acid transport ATP-binding protein 0.005 3.169
P0A122 Ferredoxin 1 0.000 3.149
Q88R08 Sarcosine oxidase subunit gamma 0.025 3.142
Q88FQ3 N-carbamoyl-beta-alanine amidohydrolase/allantoine amidohydrolase 2 0.028 3.099
Q88GE0 Uncharacterized protein 0.016 3.082
Q88JG4 Uncharacterized protein 0.015 3.011
Q88I54 Putrescine-binding periplasmic protein 0.036 2.950
Q88HY9 ABC transporter, periplasmic binding component-related protein 0.013 2.946
Q88Q82 Amidase family protein 0.020 2.946
Q88C42 Putrescine-binding periplasmic protein 0.020 2.900
Q88Q75 GntR family transcriptional regulator 0.016 2.873
O85207 (R)-3-hydroxydecanoyl-ACP:CoA transacylase 0.020 2.841
Q88EJ2 Putative transcriptional regulator 0.027 2.722
Q88CB4 Putative cytochrome c5 0.022 2.669
Q88J00 Urease accessory protein UreG 0.018 2.636
Q88CY1 DNA-binding transcriptional regulator NtrC 0.014 2.588
Q88PQ1 DUF2383 domain-containing protein 0.013 2.534
Q88PV5 Conserved protein with NAD 0.027 2.528
Q88DF5 Azurin 0.017 2.501
Q88R52 L-arginine ABC transporter-periplasmic binding subunit 0.045 2.486
Q88EE5 tRNA-uridine aminocarboxypropyltransferase 0.026 2.437
Q88LP5 Uncharacterized protein 0.027 2.403
Q88CY3 Glutamine synthetase 0.020 2.403
Q88BZ2 Uncharacterized protein 0.039 2.394
Q88N95 Ubiquinol-cytochrome c reductase iron-sulfur subunit 0.036 2.393
Q88RJ5 Uncharacterized protein 0.021 2.376
Q88PC5 Uncharacterized protein 0.041 2.357
Q88LP4 Uncharacterized protein 0.020 2.353
Q88CH2 Flagellar protein FliL 0.025 2.346
Q88CY2 Histidine kinase 0.023 2.292
Q88H35 Putative S-ureidoglycine aminohydrolase 0.020 2.226
Q88LV4 GTP cyclohydrolase 1 1 0.041 2.208
Q88HG1 Uncharacterized protein 0.027 2.208
A0A140FWK2 D-hydantoinase/dihydropyrimidinase 0.043 2.191
Q88EM6 Amino acid ABC transporter, periplasmic amino acid-binding protein 0.026 2.098
Q88D20 Poly granule-associated protein 0.028 1.839
Q88MT4 Predicted polyamine ABC transporter, ATP-binding protein 0.035 1.802
Q88R38 Choline / betaine / carnitine ABC transporter-substrate binding protein 0.037 1.725
Q88GL6 Uncharacterized protein 0.043 1.706
Q88KN6 Transcriptional regulator, GntR family 0.036 1.633
Q88R40 Choline / betaine / carnitine ABC transporter-ATP binding subunit 0.044 1.599
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Interestingly, PhaI(Q88D20) is identified as being significantly upregulated in nitro-

gen limited conditions (1.8 t-test difference). This is one of two known phasins in P.

putida. Also upregulated was PhaG (O85207), (R)-3-hydroxydecanoyl-ACP:CoA transacy-

lase. PhaG was significantly (t-tests difference 2.8) more abundant in nitrogen limited

conditions versus nitrogen excess conditions. PhaG plays an important role in con-

necting fatty acid de novo synthesis and PHA synthesis in P. putida. It converts (R)-

3-hydroxyacyl-ACP is converted to (R)-3-hydroxyacyl- CoA, which can then be incorpo-

rated into polymers by PhaC. [93] The upregulation of two proteins known to be involved

in PHA production suggests that at this stage, the cell is starting to shift its proteome

towards favouring PHA accumulation.

Branched-chain amino acid ABC transporter (Q88Q76) was identified as the most en-

riched protein in nitrogen limited conditions at this timepoint, with a t-test difference of

7 in nitrogen limited conditions compared to nitrogen excess conditions. This protein is

involved in amino acid transport, and its upregulation shows the cells responding to ni-

trogen limited conditions. It has also previously been identified as being upregulated in

nitrogen limited conditions. [94]

The proteins identified as upregulated in nitrogen limited conditions were analysed

using the DAVID Bioinformatics tool. [95], [96]. This online platform provides a com-

prehensive set of functional annotation tools, which can be used to gain an understanding

of the biological meaning behind lists of protein names. It ranks categories based on an

enrichment score that compares the number of genes assigned to each category to the

predicted number of potential genes in a category, taking into consideration the number

of genes in the list provided. It was used to search for enriched biological themes, using

gene ontology terms. Three clusters were identified as being enriched. (Table 2.2 ABC

transporter family showed the highest enrichment, with a score of 3.06. This included

9 ABC transporter like proteins from the list of 76 proteins. Other enriched pathways

included metal binding (enrichment 0.23) and transcription regulation (enrichment score

0.04)
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Annotation Cluster 1 Enrichment Score: 3.06
Category Term Count
INTERPRO IPR003439:ABC transporter-like 9
INTERPRO IPR017871:ABC transporter, conserved site 7
INTERPRO IPR003593:AAA+ ATPase domain 9
UP KEYWORDS Nucleotide-binding 14
GOTERM MF DIRECT GO:0016887˜ATPase activity 6
UP KEYWORDS ATP-binding 12
INTERPRO IPR027417:P-loop containing nucleoside triphosphate hydrolase 11
SMART SM00382:AAA 9
GOTERM MF DIRECT GO:0005524˜ATP binding 12
Annotation Cluster 2 Enrichment Score: 0.23
Category Term Count
UP KEYWORDS Iron 3
UP KEYWORDS Metal-binding 4
GOTERM MF DIRECT GO:0046872˜metal ion binding 3
Annotation Cluster 3 Enrichment Score: 0.04
Category Term Count
GOTERM BP DIRECT GO:0006351˜transcription, DNA-templated 3
UP KEYWORDS Transcription regulation 3
UP KEYWORDS Transcription 3
UP KEYWORDS DNA-binding 3

Table 2.2: Enriched annotation clusters P. putida cultures grown in nitrogen limited
conditions using glucose as a carbon source. Cells were harvested at early station-
ary phase (T16). Clustering was carried out using the DAVID Bioinformatics Software.
Enrichment score ranks the biological significance of groups based on all enriched anno-
tation terms

Next, these differentially expressed proteins were mapped to visualize pathways which

were changing in response to nitrogen status. The software programme, Cytoscape was

used. The list of differentially expressed proteins was inputted into the ClueGo plugin on

the Cytoscape platform. [87] This software can identify enriched protein pathways based

on the KEGG annotated pathway of proteins provided. Figure 2.9 shows the resulting map

generated by ClueGo software. Blue nodes denotes proteins significantly enriched in ni-

trogen excess conditions and red nodes denote proteins significantly enriched in nitrogen

limited conditions. Analysis by ClueGO supports DAVID bioinformatics clusters (Table

2.4) suggesting ABC transporters are upregulated in nitrogen limited conditions. Inter-

estingly, three proteins associated with sulfur metabolism were upregulated in nitrogen
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excess conditions.

Figure 2.9: Network analysis of pathways of P. putida proteins with altered expres-
sion in response to nitrogen limitation. Glucose was used as the carbon source, nitrogen
limitation was used to induce PHA accumulation. Cells were harvested in the early sta-
tionary phase (T16) Red spokes denotes proteins upregulated in nitrogen limited condi-
tions, while blue nodes represents proteins less abundant in nitrogen limitation conditions.

2.4.4.3 P. putida proteome shifts towards PHA production in nitrogen limited con-

ditions in the stationary phase

After 24 hours of growth, both nitrogen limited and nitrogen excess P. putida cultures

were in stationary growth phase, although the OD of nitrogen limited cultures continued

to be lower than nitrogen excess conditions (average OD of 2.77 and 7.17 for nitrogen
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limited versus nitrogen excess samples, respectively). This difference in OD measure-

ments is visualised in the timecourse shown in figure 2.2. Figure 2.3 shows that there

is no significant difference in PHA accumulation between nitrogen limited and nitrogen

excess conditions.

There is a distinctly different pattern in protein expression between nitrogen lim-

ited and nitrogen excess conditions after 24 hours of growth (Figure 2.5) T-test analy-

sis(FDR=0.05, s0=1) identified 324 proteins as being significantly differently expressed

at stationary phase (T24) (2.8) 120 of these proteins were more abundant in nitrogen lim-

ited conditions. Table 2.3 describes the 50 most upregulated proteins in nitrogen limited

conditions versus nitrogen excess conditions in the stationary growth phase, as ranked by

t-test difference.

Both P. putida phasins, PhaI and PhaF, were significantly upregulated. PhaI showed a

2.85 t-test difference in expression in nitrogen limited conditions versus nitrogen excess

conditions (q-value 0.006). PhaF had a 1.7 t-test difference in expression in nitrogen lim-

ited conditions versus nitrogen excess conditions (q-value 0.019). This upregulation of

phasins suggests the protoeme is shifting towards PHA accumulation in nitrogen limited

conditions.

The protein that showed the highest enrichment (t-test difference=8.7) was ABC transporter-

substrate binding protein BetX (Q88M34)
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Table 2.3: Proteins significantly upregulated in nitrogen limited conditions in P.
putida cells grown using glucose as a carbon source (FDR=0.05, s0=1). Cells were
harvested in the stationary phase (T24)

Protein IDs Protein names q-value
T-test
Difference

Q88M34 ABC transporter-substrate binding protein BetX 0.000 8.742
Q88Q76 Branched-chain amino acid ABC transporter, periplasmic A.A binding protein 0.000 8.489
Q88JG1 Uncharacterized protein 0.000 7.622
Q88FQ1 NADP-dependent dihydropyrimidine dehydrogenase subunit 0.000 5.983
Q88JG2 Alpha-E domain-containing protein 0.000 5.755
Q88JG3 Transglutaminase-like superfamily domain protein 0.000 5.586
Q88L42 NasT 0.007 4.913
Q88Q80 Branched-chain amino acid ABC transporter ATP-binding protein 0.000 4.688
Q88DD9 Putative methyl-accepting chemotaxis transducer 0.000 4.664
Q88QF0 Ethanolamine transporter 0.008 4.410
Q88QH6 6,7-dimethyl-8-ribityllumazine synthase 0.006 4.343
Q88DI0 Putative Urea ABC transporter, ATP-binding protein 0.000 4.269
Q88FQ3 N-carbamoyl-beta-alanine amidohydrolase amidohydrolase 2 0.007 4.223
Q88L41 Putative Nitrate-binding protein NasS 0.007 4.157
Q88DZ1 CDP-diacylglycerol–serine O-phosphatidyltransferase 0.000 3.986
Q88JG4 Uncharacterized protein 0.003 3.925
Q88DI3 Putative Urea ABC transporter 0.000 3.889
Q88Q81 N-carbamoyl-beta-alanine amidohydrolase amidohydrolase 1 0.004 3.887
Q88Q79 Branched-chain amino acid ABC transporter, ATP binding protein 0.006 3.839

Q88D05
Amino acid ABC transporter,
periplasmic amino acid-binding protein 0.008 3.808

Q88FQ0 Dihydrothymine dehydrogenase 0.004 3.715
Q88CQ0 Phosphoethanolamine/phosphocholine phosphatase 0.006 3.506
A0A140FWF3 Quinohaemoprotein amine dehydrogenase, alpha subunit 0.013 3.416
Q88M27 Uncharacterized protein 0.004 3.350
Q88HY9 ABC transporter, periplasmic binding protein 0.003 3.348
Q88DI1 Putative Urea ABC transporter, ATP-binding protein 0.006 3.315
Q88EA5 UPF0337 protein PP 4561 0.005 3.153
Q88M69 Nitrite reductase [NAD 0.005 3.122
A0A140FWK2 D-hydantoinase/dihydropyrimidinase 0.005 3.061
Q88NB2 Putative amino acid ABC transporter-ATP-binding subunit 0.006 3.021
Q88MB5 Uncharacterized protein 0.004 3.013
Q88M48 ABC transporter, periplasmic binding protein 0.005 2.894
Q88D20 Poly granule-associated protein 0.006 2.841
Q88DZ0 Ketol-acid reductoisomerase 0.005 2.769
Q88CB4 Putative cytochrome c5 0.005 2.698
Q88PQ1 DUF2383 domain-containing protein 0.005 2.679
Q88CY2 Histidine kinase 0.005 2.655
Q88K30 Uncharacterized protein 0.010 2.653
Q88CY1 DNA-binding transcriptional regulator NtrC 0.004 2.633
Q88R08 Sarcosine oxidase subunit gamma 0.004 2.597
Q88IZ6 Uncharacterized protein 0.004 2.585
Q88RJ5 Uncharacterized protein 0.005 2.579
Q88F40 Iron-sulfur cluster-binding protein 0.004 2.563
P0A149 Uncharacterized protein PP 0002 0.022 2.561
Q88D16 Ubiquinone biosynthesis accessory factor UbiJ 0.004 2.538
Q88RD8 Transcriptional regulatory protein AlgP 0.011 2.511
Q88EM6 Amino acid ABC transporter, periplasmic A.A-binding protein 0.005 2.491
Q88C70 DNA-binding protein HU-alpha 0.011 2.458
Q88DG2 Branched-chain amino acid transport ATP-binding protein 0.005 2.407
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The 120 proteins identified as upregulated in nitrogen limited conditions were anal-

ysed using the DAVID Bioinformatics tool, as before (section 2.4.4.2). [95] Seven clusters

were identified as being enriched. ABC transporter family showed the highest enrichment

score of 2.65, with 19 terms from the KEGG ABC transporters being identified. (Table

2.4)

55



Annotation Cluster 1 Enrichment Score: 2.65
Category Term Count
KEGG PATHWAY ppu02010:ABC transporters 19
INTERPRO IPR003439:ABC transporter-like 11
INTERPRO IPR017871:ABC transporter, conserved site 9
INTERPRO IPR003593:AAA+ ATPase domain 11
GOTERM MF DIRECT GO:0016887˜ATPase activity 7
SMART SM00382:AAA 11
UP KEYWORDS Nucleotide-binding 17
INTERPRO IPR027417:P-loop containing nucleoside triphosphate hydrolase 14
UP KEYWORDS ATP-binding 15
GOTERM MF DIRECT GO:0005524˜ATP binding 15
Annotation Cluster 2 Enrichment Score: 1.70
Category Term Count
GOTERM BP DIRECT GO:0015846˜polyamine transport 3
INTERPRO IPR001188:Bacterial periplasmic spermidine/putrescine-binding protein 3
GOTERM MF DIRECT GO:0019808˜polyamine binding 3
GOTERM CC DIRECT GO:0042597˜periplasmic space 4
Annotation Cluster 3 Enrichment Score: 1.00
Category Term Count
GOTERM MF DIRECT GO:0051539˜4 iron, 4 sulfur cluster binding 5
UP KEYWORDS Iron 7
UP KEYWORDS Iron-sulfur 5
UP KEYWORDS 4Fe-4S 3
UP KEYWORDS Metal-binding 9
GOTERM MF DIRECT GO:0046872˜metal ion binding 6
Annotation Cluster 4 Enrichment Score: 0.98
Category Term Count
INTERPRO IPR009056:Cytochrome c domain 4
GOTERM MF DIRECT GO:0020037˜heme binding 5
GOTERM MF DIRECT GO:0009055˜electron carrier activity 4
GOTERM MF DIRECT GO:0005506˜iron ion binding 3
Annotation Cluster 5 Enrichment Score: 0.33
Category Term Count
KEGG PATHWAY ppu00260:Glycine, serine and threonine metabolism 5
UP KEYWORDS Lyase 5
KEGG PATHWAY ppu01230:Biosynthesis of amino acids 7
KEGG PATHWAY ppu01200:Carbon metabolism 4
KEGG PATHWAY ppu01110:Biosynthesis of secondary metabolites 9
KEGG PATHWAY ppu01130:Biosynthesis of antibiotics 5
KEGG PATHWAY ppu01100:Metabolic pathways 19
Annotation Cluster 6 Enrichment Score: 0.20
Category Term Count
GOTERM CC DIRECT GO:0005622˜intracellular 5
INTERPRO IPR001789:Signal transduction response regulator, receiver domain 3
INTERPRO IPR011006:CheY-like superfamily 3
SMART SM00448:REC 3
Annotation Cluster 7 Enrichment Score: 0.04
Category Term Count
INTERPRO IPR011991:Winged helix-turn-helix DNA-binding domain 6
GOTERM MF DIRECT GO:0003700˜transcription factor activity, sequence-specific DNA binding 5
GOTERM MF DIRECT GO:0003677˜DNA binding 9
GOTERM BP DIRECT GO:0006351˜transcription, DNA-templated 5
UP KEYWORDS DNA-binding 6
UP KEYWORDS Transcription regulation 5

Table 2.4: Enriched annotation clusters P. putida cultures grown in nitrogen limited
conditions using glucose as a carbon source. Cells were harvested at stationary phase
(T24). Clustering was carried out using the DAVID Bioinformatics Software. Enrichment
score ranks the biological significance of groups based on all enriched annotation terms
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Next, we wanted to investigate which pathways were being upregulated and down-

regulated in nitrogen limited conditions compared to nitrogen excess conditions in the

stationary phase. A Cytoscape plugin, ClueGo was used. [87] This software maps en-

riched pathways in nitrogen limited and nitrogen excess conditions. These were mapped

based on their KEGG annotated pathway. Figure 2.10 shows the resulting map generated

by ClueGo software. Blue nodes denotes proteins significantly enriched in nitrogen ex-

cess conditions and red nodes denote proteins significantly enriched in nitrogen limited

conditions. Analysis by ClueGO supports DAVID bioinformatics clusters (Table 2.4) sug-

gesting ABC transporters are upregulated in nitrogen limited conditions, as was the case

in early stationary phase (Figure 2.9)
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Figure 2.10: Network analysis of pathways of P. putida proteins with altered expression in response to nitrogen limitation.
Glucose was used as the carbon source, nitrogen limitation was used to induce PHA accumulation. Cells were harvested in the
stationary phase (T24) Red spokes denotes proteins upregulated in nitrogen limited conditions, while blue nodes represents proteins
less abundant in nitrogen limitation conditions.58



2.4.4.4 P. putida proteome in the late stationary phase, during PHA accumulation

In the late stationary phase (after 48 hours of growth), samples in nitrogen limited condi-

tions had accumulated the highest levels of PHA. As Figure 2.3 shows, this was the only

timepoint at which there was a significant difference (p < 0.05) between PHA accumula-

tion levels in nitrogen limited versus nitrogen excess cultures.

87 proteins were identified as having differential expression at late stationary phase

between nitrogen limited and nitrogen excess conditions. 54 of these were enriched in

nitrogen limited conditions. (Table 2.5) PhaI (Q88D20) and PhaG (O85207) were both

significantly upregulated in the late stationary phase ( t-test difference of 2.27 (PhaI) and

3.58(PhaG)). Again, branched-chain amino acid ABC transporter (Q88Q76) is one of the

most enriched proteins (t-test difference=5.6 between nitrogen limited and nitrogen ex-

cess conditions).
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Table 2.5: Proteins significantly upregulated in nitrogen limited conditions in P.
putida cells grown using glucose as a carbon source (FDR=0.05, s0=1). Cells were
harvested in the late stationary phase (T48)

Protein IDs Protein names q-value
T-test
Difference

Q88FQ1 NADP-dependent dihydropyrimidine dehydrogenase subunit 0.000 6.882
Q88JG1 Uncharacterized protein 0.000 6.451
Q88Q76 Branched-chain amino acid ABC transporter, periplasmic amino acid-binding protein 0.000 5.847
Q88M34 Choline / betaine / carnitine ABC transporter-substrate binding protein BetX 0.006 5.684
A0A140FWF3 Quinohaemoprotein amine dehydrogenase, alpha subunit 0.000 5.583
Q88HY9 ABC transporter, periplasmic binding component-related protein 0.000 4.856
Q88DI0 Putative Urea ABC transporter, ATP-binding protein 0.000 4.296
Q88JG3 Transglutaminase-like superfamily domain protein 0.000 4.262
Q88L42 NasT 0.000 4.229
Q88L41 Putative Nitrate-binding protein NasS 0.000 4.217
Q88FQ0 Dihydrothymine dehydrogenase 0.015 4.151
Q88GU5 Putative Isoquinoline 1-oxidoreductase, beta subunit 0.026 4.044
Q88JG2 Alpha-E domain-containing protein 0.022 3.817
Q88M27 Uncharacterized protein 0.016 3.752
Q88QF0 Ethanolamine transporter 0.010 3.656
O85207 (R)-3-hydroxydecanoyl-ACP:CoA transacylase 0.011 3.577
Q88DI3 Putative Urea ABC transporter 0.012 3.496
Q88DI1 Putative Urea ABC transporter, ATP-binding protein 0.000 3.452
P0A122 Ferredoxin 1 0.015 3.343
Q88Q80 Branched-chain amino acid ABC transporter, ATP-binding protein 0.000 3.257
Q88CQ0 Phosphoethanolamine/phosphocholine phosphatase 0.012 3.115
Q88HP1 Putative Heat shock protein 0.006 3.109
Q88GU4 Alcohol dehydrogenase cytochrome c subunit 0.021 3.095
Q88MB5 Uncharacterized protein 0.019 3.079
Q88Q15 Uncharacterized protein 0.028 3.054
A0A140FWK2 D-hydantoinase/dihydropyrimidinase 0.019 3.051
Q88HN7 Putative Chaperone-associated ATPase 0.025 2.998
Q88F40 Iron-sulfur cluster-binding protein 0.029 2.863
Q88R08 Sarcosine oxidase subunit gamma 0.006 2.798
Q88QH6 6,7-dimethyl-8-ribityllumazine synthase 0.016 2.794
Q88M48 ABC transporter, periplasmic binding protein 0.024 2.717
Q88CH2 Flagellar protein FliL 0.034 2.678
Q88LE8 3-isopropylmalate dehydratase large subunit 0.025 2.664
Q88JG4 Uncharacterized protein 0.015 2.519
Q88KC7 Uncharacterized protein 0.016 2.515
Q88CY1 DNA-binding transcriptional regulator NtrC 0.020 2.296
Q88D20 Poly granule-associated protein 0.016 2.277
Q88NB2 Putative amino acid ABC transporter-ATP-binding subunit 0.026 2.162
Q88E17 Ubiquinol oxidase subunit I, cyanide insensitive 0.025 2.155
Q88IZ6 Uncharacterized protein 0.035 2.107
Q88FJ7 UvrABC system protein C 0.017 2.096
Q88R38 Choline / betaine / carnitine ABC transporter-substrate binding protein 0.023 1.885
Q88P66 L-serine dehydratase 0.035 1.883
Q88M95 Nicotinate-nucleotide–dimethylbenzimidazole phosphoribosyltransferase 0.044 1.879
Q88EM6 Amino acid ABC transporter, periplasmic amino acid-binding protein 0.030 1.840
Q88DF8 Branched-chain amino acid ABC transporter, periplasmic amino acid-binding protein 0.043 1.835
Q88QR1 3-demethoxyubiquinol 3-hydroxylase 0.049 1.813
Q88CB4 Putative cytochrome c5 0.044 1.777
Q88N95 Ubiquinol-cytochrome c reductase iron-sulfur subunit 0.043 1.760
Q88KF1 Aconitate hydratase B 0.045 1.720
Q88FH0 NADH-quinone oxidoreductase subunit I 0.036 1.711
Q88DD9 Putative methyl-accepting chemotaxis transducer 0.049 1.670
Q88CV5 Glutamate synthase 0.039 1.664
Q88N43 Phosphate transporter 0.046 1.525
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As in the previous sections (2.4.4.2, 2.4.4.3) proteins upregulated in nitrogen limited

conditions were then analysed using DAVID bioinformatics platform. (Table 2.6)

Annotation Cluster 1 Enrichment Score: 2.33
Category Term Count
GOTERM MF DIRECT GO:0051539˜4 iron, 4 sulfur cluster binding 6
UP KEYWORDS Iron 7
UP KEYWORDS Iron-sulfur 5
UP KEYWORDS 4Fe-4S 4
UP KEYWORDS Metal-binding 7
GOTERM MF DIRECT GO:0046872˜metal ion binding 5
Annotation Cluster 2 Enrichment Score: 2.33
Category Term Count
KEGG PATHWAY ppu02010:ABC transporters 11
COG ONTOLOGY Amino acid transport and metabolism 6
INTERPRO IPR003439:ABC transporter-like 5
Annotation Cluster 3 Enrichment Score: 1.25
Category Term Count
INTERPRO IPR009056:Cytochrome c domain 3
GOTERM MF DIRECT GO:0009055˜electron carrier activity 4
GOTERM MF DIRECT GO:0020037˜heme binding 3
Annotation Cluster 4 Enrichment Score: 1.19
Category Term Count
INTERPRO IPR003439:ABC transporter-like 5
INTERPRO IPR003593:AAA+ ATPase domain 6
SMART SM00382:AAA 6
GOTERM MF DIRECT GO:0016887˜ATPase activity 4
INTERPRO IPR027417:P-loop containing nucleoside triphosphate hydrolase 7
UP KEYWORDS ATP-binding 7
UP KEYWORDS Nucleotide-binding 7
INTERPRO IPR017871:ABC transporter, conserved site 3
GOTERM MF DIRECT GO:0005524˜ATP binding 7
Annotation Cluster 5 Enrichment Score: 0.92
Category Term Count
GOTERM MF DIRECT GO:0051539˜4 iron, 4 sulfur cluster binding 6
KEGG PATHWAY ppu01230:Biosynthesis of amino acids 6
UP KEYWORDS Lyase 4
KEGG PATHWAY ppu01110:Biosynthesis of secondary metabolites 8
KEGG PATHWAY ppu01100:Metabolic pathways 14
KEGG PATHWAY ppu01130:Biosynthesis of antibiotics 5
KEGG PATHWAY ppu01200:Carbon metabolism 3
KEGG PATHWAY ppu01120:Microbial metabolism in diverse environments 3

Table 2.6: Enriched annotation clusters P. putida cultures grown in nitrogen limited
conditions using glucose as a carbon source Cells were harvested at early stationary
phase (T48). Clustering was carried out using the DAVID Bioinformatics Software. En-
richment score ranks the biological significance of groups based on all enriched annota-
tion terms
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Pathway analysis was carried out on proteins which had been shown to have differ-

ential expression between nitrogen limited and nitrogen excess conditions. Figure 2.11

shows the pathways these proteins are associated with. Once again, ABC transporters

were upregulated in nitrogen limited conditions compared to nitrogen excess conditions.

Figure 2.11: Network analysis of pathways of P. putida proteins with altered expres-
sion in response to nitrogen limitation. Glucose was used as the carbon source, nitrogen
limitation was used to induce PHA accumulation. Cells were harvested in late stationary
phase (T48) Red spokes denotes proteins upregulated in nitrogen limited conditions, while
blue nodes represents proteins less abundant in nitrogen limitation conditions.
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2.4.5 Global Analysis

The proteins upregulated at each timepoint in nitrogen limited conditions were compared,

as it was hypothesised that proteins which were abundant in nitrogen limited conditions at

each timepoint were likely to be integral to the cells response to this nitrogen limitation.

T8 was excluded from this comparison as it was so similar to nitrogen excess samples

(Figure 2.12).

Figure 2.12: Venn diagram of proteins upregulated at each time-
point in nitrogen limited conditions. This was drawn using tools at
https://bioinformatics.psb.ugent.be/webtools/Venn/

28 proteins were identified as being upregulated at all three timepoints (Table 2.7).

Notably, a large proportion (10/28) of the proteins upregulated at all timepoints in the

stationary phase were ABC transporter proteins.
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Table 2.7: Proteins significantly upregulated in nitrogen limited conditions in the sta-
tionary phase (T16, T24, T48) of P. putida growth using glucose as a carbon source.
(FDR=0.05, s0=1)

Entry Protein names Gene ontology (GO)
Q88DI1 Putative Urea ABC transporter, ATP-binding protein ATP binding

Q88DF8
Branched-chain amino acid ABC transporter,
periplasmic amino acid-binding protein (BraC-like) amino acid transport

Q88N95 Ubiquinol-cytochrome c reductase iron-sulfur subunit
integral component of membrane; plasma membrane ;
2 iron, 2 sulfur cluster binding; metal ion binding ;
ubiquinol-cytochrome-c reductase activity

Q88EM6
Amino acid ABC transporter, periplasmic
amino acid-binding protein ectoine binding ; ectoine transport

Q88DI3 Putative Urea ABC transporter
integral component of membrane; plasma membrane;
transmembrane transporter activity

Q88JG4 Uncharacterized protein Not assigned

Q88CY1
DNA-binding transcriptional regulator NtrC
(Nitrogen regulation protein NR(I))

cytoplasm ; protein-DNA complex; ATP binding ;
DNA-binding transcription activator activity
DNA-binding transcription repressor activity;
phosphorelay response regulator activity;
transcription cis-regulatory region binding;
negative regulation of transcription,
DNA-templated; nitrogen fixation; regulation of nitrogen utilization

Q88FQ1
NADP-dependent dihydropyrimidine
dehydrogenase subunit

dihydropyrimidine dehydrogenase (NADP+) activity;
iron-sulfur cluster binding

Q88R38
Choline / betaine / carnitine ABC transporter
substrate binding protein

ATP-binding cassette (ABC) transporter complex; periplasmic space;
choline binding; hydrolase activity;
transmembrane transporter activity; choline transport

Q88L42 NasT RNA binding; phosphorelay signal transduction system
Q88JG2 Alpha-E domain-containing protein Not assigned
A0A140FWK2 D-hydantoinase/dihydropyrimidinase cytoplasm ; dihydropyrimidinase activity
Q88D20 Poly granule-associated protein Not assigned

Q88Q80
Branched-chain amino acid ABC transporter,
ATP-binding protein ATP binding; ATPase-coupled transmembrane transporter activity

Q88L41 Putative Nitrate-binding protein NasS Not assigned
Q88DI0 Putative Urea ABC transporter, ATP-binding protein ATP binding

Q88CQ0 Phosphoethanolamine/phosphocholine phosphatase
phosphocholine phosphatase activity ;
phosphoethanolamine phosphatase activity

Q88DD9 Putative methyl-accepting chemotaxis transducer
integral component of membrane;
transmembrane signaling receptor activity ; chemotaxis ;
signal transduction

P0A122 Ferredoxin 1
3 iron, 4 sulfur cluster binding ;
4 iron, 4 sulfur cluster binding;
electron transfer activity; metal ion binding

Q88R08 Sarcosine oxidase subunit gamma sarcosine oxidase activity; sarcosine catabolic process
Q88M48 ABC transporter, periplasmic binding protein Not assigned

Q88M34
Choline / betaine / carnitine ABC transporter
substrate binding protein BetX

ATP-binding cassette (ABC) transporter complex; hydrolase activity;
transmembrane transporter activity

Q88QF0 Ethanolamine transporter integral component of membrane; transmembrane transporter activity

Q88Q76
Branched-chain amino acid ABC transporter,
periplasmic amino acid-binding protein Not assigned

Q88CB4 Putative cytochrome c5 electron transfer activity; heme binding ; iron ion binding

Q88HY9
ABC transporter, periplasmic binding
component-related protein thiamine biosynthetic process

Q88JG3 Transglutaminase-like superfamily domain protein Not assigned
Q88JG1 Uncharacterized protein Not assigned

2.4.5.1 PHA operon proteins

In order to get a more specific insight into the effect of nitrogen limitation on PHA-related

proteins, we created a heatmap, looking at relative expression of proteins encoded from

the PHA operon across all timepoints in nitrogen limited and nitrogen excess conditions.
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As Figure 2.13 shows the protein expression levels of PHA related proteins tends to be

higher in nitrogen limited conditions at later timepoints (T24, T48)

Figure 2.13: Heatmap of relative protein expression of PHA-related proteins of P.
putida grown in nitrogen limited (N lim) and nitrogen excess (N exc) conditions using
glucose as a carbon source. Suffixes (1,2,3) indicate biological replicate experiments.

We were interested to see relatively high expression of both PhaC2 (Q88D23) and

PhaC1 (Q88D25) in nitrogen limiting conditions. This was investigated further in figure

2.14. PhaC1(Q88D25) is the active PHA polymerase, and it does have slightly higher

expression levels that phaC2 (Q88D23) especially at the early growth stage. However, by

the stationary phase, the expression levels of both polymerases are high. This expression

of PhaC2 suggests it may be more important in PHA production that previously assumed.
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Figure 2.14: Relative expression (LFQ intensities) of P. putida PHA polymerases,
PhaC1 and PhaC2 in nitrogen limited conditions when grown using glucose as a
carbon source Error bars represent the standard deviation of biological replicate (n=3) .
Both polymerases showed a similar protein expression pattern

Similarly, the expression of phasin PhaI (Q88D20) was investigated. As figure 2.15

shows, both were significantly upregulated in nitrogen limited conditions in the early

stationary growth phase (T16) and continued to be enriched in nitrogen limited conditions

for the following timepoints. It was one of 28 proteins enriched at every timepoint tested

(T16, T24, T48), highlighting its integral role in PHA production.
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Figure 2.15: Relative protein expression levels (LFQ intensity) of the P. putida phasin
PhaI (Q88D20) when grown in nitrogen limited (Nlim) and nitrogen excess (Nexc)
conditions using glucose as a carbon source. Error bars represent the standard deviation
of biological replicate (n=3).

2.5 Discussion

2.5.1 ABC transporters are upregulated in nitrogen limited condi-

tions

The ABC transporter family were significantly enriched in nitrogen limited conditions

in P. putida cells grown on glucose in all timepoints test in the stationary phase, based

off both Cytoscape and David Bioinformatics analysis (Figures 2.9, 2.10 2.11) In the

sequenced genome of P. putida KT2440, genes coding for membrane transport systems

accounted for almost 12% of the entire genome. ABC transporters are the largest family

of the membrane transport systems, with 94 members. ABC transporters play an impor-

tant role in nutrient uptake from the environment. [97]

ABC transporters are one of two glucose uptake pathways in P. putida. One is a
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peripheral oxidative route starting with periplasmic conversion of glucose to intermedi-

ate gluconate via the action of the membrane-bound glucose dehydrogenase. The other

involves the direct translocation of a glucose molecule from periplasm to cytoplasm by

ATP-dependent ABC transporters and subsequent phosphorylation of hexose to glucose-

6-phosphate by glucokinase. [98] Therefore, one would expect high expression of ABC

transporters in P. putida grown on glucose. However, analysis of our proteomic data re-

vealed a significant increase in ABC expression between nitrogen limited and nitrogen

excess conditions of P. putida when both were grown using glucose as a carbon source.

(Figure 2.10) This suggests nitrogen availability must affect ABC transporter expression.

Indeed, this increase in ABC transporters in nitrogen limited conditions has been

identified by several groups. In nitrogen limitation conditions, P. putida CA-3 grown

on styrene was shown to significantly upregulate ABC transporters. Nikodinovic et al

speculated this was as part of the global response to starvation conditions and the qual-

ity of the carbon source. [11]. ABC transporters were also found to be upregulated in

P. putida cells grown in nitrogen limited conditions, using sodium gluconate as a car-

bon source. [10] Upregulation of members of the ABC transporter family in conditions

of nitrogen limitation may reflect the cellular mechanisms used to deal with the stress of

nutrient imbalance.

2.5.2 Proteins involved in nitrogen metabolism are upregulated in ni-

trogen limited conditions

NtrC (Q88CY1) was significantly upregulated at all nitrogen limited timepoints test in

stationary phase (T16, T24, T48). (Table 2.7.) NtrC is a DNA-binding transcriptional

regulator, that has been defined as master nitrogen regulator in P. putida. Therefore,

this upregulation of NtrC in nitrogen limited conditions indicates the P. putida cells re-

sponse to nitrogen limitation. This is supported by transcriptome experiments by Hervas

et al, [99]who compared an NtrC mutant strain of P. putida to wild-type P. putida. Hervas
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et al, suggested that NtrC not only activates pathways for the assimilation of alternative

nitrogen sources but also represses carbon catabolism under nitrogen-limited conditions.

Hervas et al, identified glutamine synthethase (Q88CY3) as being under the control of

NtrC. In our experiment, glutamine synthethase (Q88CY3) was also upregulated in re-

sponse to nitrogen limitation, with a t-test difference of 2.4 between nitrogen limited

conditions and nitrogen excess conditions in the early stationary phase (T16) (Table 2.1)

Glutamine synthethase (Q88CY3) is a critical enzyme in nitrogen metabolism as it synthe-

sizes glutamine via glutamate, ATP, and ammonia therefore helping to increase the pool

of nitrogen from alternative sources in nitrogen limited conditions. Increased expression

of glutamine synthethase (Q88CY3) was also identified by Mozejko when investigating

P. putida grown on oleic acid in nitrogen limited conditions. [77]

2.5.3 P. putida phasins (PhaF and PhaI) are upregulated in nitrogen

limited conditions

Both phasins (PhaI and PhaF) were significantly upregulated in nitrogen limited condi-

tions in this experiment (Table2.3) PhaI showed a 7 fold increase in expression in nitrogen

limited conditions versus nitrogen excess conditions (q-value 0.006). PhaF had a 3-fold

increase in expression in nitrogen limited conditions versus nitrogen excess conditions

(q-value 0.019). In comparison, Mozejko when investigating P. putida grown on oleic

acid in nitrogen limited conditions did not detect any phasins at any timepoint studied.

Mozejko suggests that this was because the concentration of these phasins was too low to

be detected. Mozejko et al, used a two-dimensional difference gel electrophoresis (2D-

DIGE) technique to identify proteins that abundance changed. Proteins were cut out of

a gel and digested with trypsin, then analysed using the less sensitive, but more rapid,

MALDI approach [77] This approach is less sensitive that the LCMS approach we imple-

mented in our approach, which may explain why we could detect the subtle difference in

expression between the phasins in nitrogen limited versus nitrogen excess conditions.
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Figure 2.15 shows the expression of PhaI (Q88D20) in nitrogen limited and nitrogen

excess conditions when grown using glucose as the carbon source. It is slightly surprising

that the expression of PhaI expression was so high in nitrogen excess conditions, consid-

ering this is a phasin protein, and PHA is not accumulated in nitrogen excess conditions

in P. putida when grown using glucose as the carbon source. [80] Transcriptional anal-

ysis of PhaI and PhaF has revealed that their expression is nitrogen independent in P.

putida. [66] RpoN acts as a negative regulator of phaF expression under nitrogen excess

conditions. [65], however not regulator in nitrogen excess conditions has been identified

for PhaI to date.

This high expression of PhaI (Q88D20), even in nitrogen excess conditions suggests

it may have a role independent of PHA accumulation. Phasins have been shown to be

multifunctional proteins. Mezzina et al showed Azotobacter sp FA-8 (PhaPAz) had an

unexpected growth-promoting and stress-protecting effect in Escherichia coli. [100]

Alternatively, it may be that even when PHA is present in very low amounts, this protein is

still highly expressed as it is one of the most abundant proteins on the granule surface. [40]

2.5.4 Both PHA polymerases are expressed in nitrogen limited con-

ditions

P. putida has two PHA synthases, PhaC1 and PhaC2. Overexpression of PhaC1 in P.

putida KCTC1639 has been shown to form enlarged, high molecular weight and lower

crystalline granules of PHA. [101] In the same study, Kim et al, found that the overex-

pression of PhaC2 did not enhance the biosynthesis of mcl-PHA. [101] PhaC1 is therefore

considered the more active polymerase, to the extent that when measuring the influence

of growth stage on activities of PHA polymerase, Ren et al, assumed PhaC2 was not ex-

pressed and only measured PhaC1 activity. [102] In this thesis, PhaC2 expressed at similar

levels to PhaC1 in nitrogen limited conditions (Figure 2.14). However, when comparing

the expression levels of PhaC2 in nitrogen limited conditions to nitrogen excess condi-
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tions, it is not significantly upregulated in nitrogen limited conditions (FDR=0.05, s0=1)

In other species closely related to P. putida, PhaC2 is active. Synthesis of PHA in Es-

cherichia coli expressing the PHA synthase gene phaC1 and phaC2 from Pseudomonas

aeruginosa showed both PHA synthases exhibit very similar properties resulting in simi-

lar extent of PHA accumulation expression. [103]

The regulation of PHA synthases (phaC1 and phaC2) gene expression in Pseudomonas

corrugata was investigated by Conte et al. [104] Conte et al, showed that PhaC1 and

PhaC2 were independently regulated. Interestingly, transcription analysis showed in cul-

tures grown with oleic acid as the sole carbon source, only the expression of PhaC1 was

induced whereas that of PhaC2 remained unchanged. In cultures grown with glucose, the

expression of both polymerases was upregulated but at different rates. This suggests a

link between polymerase expression and the carbon source used for growth.

Further investigation, measuring the PHA polymerase expression and activity in P. putida

grown on various carbon sources is required to elucidate the role of the PhaC1 and PhaC2

polymerase.

Also, Jungert discovered that phosphorylation of PhaC1 in Ralstonia eutropha can effect

its activity in vivo [74]. Therefore, it would be interesting to assess the phosphorylation

status of both PhaC1 and PhaC2 to determine if post-translational modification also plays

a role in their activity.

2.5.5 Comparison between previous proteomic studies

As aforementioned, there are few published proteomic studies which investigate the pro-

teomic response to P. putida under nitrogen limitation. Figure 2.16 compares the proteins

identified as upregulated in response to nitrogen limtation in our study compared to two

other research groups, Nikodinivic et al, [11] and Castro et al, [10]. Different carbon

sources were used in each study. In our work (Kelly), we used glucose as the carbon

source for growth. Nikodinivic et al [11] used stryrene as their carbon source, while

sodium octanoate was used in the Castro study [10]. Therefore, proteins identified as up-
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regulated differ significantly between the three groups. Just one protein was identified as

upregulated in response to nitrogen limitation in all three studies. This was a branched-

chain amino acid ABC transporter (Q88DF8).

Figure 2.16: Proteins upregulated in nitrogen limiting conditions across three pro-
teomic studies in P. putida.

Interestingly, the work presented in this chapter (Kelly) was the only study to identify

PhaI (Q88D20) as upregulated in nitrogen limited conitions. Other phasins, such as PhaF

(Q88D21) were identified as upregulated in nitrogen limiting conditions in the study by

Nikodinivic et al. Castro et al identified 74 proteins as upregulated in nitrogen limited

conditions, however none of these were PHA-related proteins.

2.5.6 Conclusion

This study presents a proteomic analysis of mcl-PHAs synthesis by P. putida grown on

glucose under nitrogen deficiency conditions. Proteomic analysis revealed an upregula-

tion of ABC transporters and proteins involved in nitrogen metabolism in response to

nitrogen limitation. A significant increase in the expression of phasin proteins, PhaI and

PhaF, was observed in the stationary phase, which correlated with an increase in PHA
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accumulation (Figure 2.3).
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Chapter 3

Investigating the PHA granule

proteome

3.1 Abstract

A method to isolate pure PHA granules from P. putida was implemented and the resulting

preparation analysed by high resolution mass spectrometry in order to determine the pro-

tein composition. Over one thousand proteins were identified, requiring additional data

analysis and validation steps in order to prioritise the most likely PHA granule compo-

nents. All six proteins expressed from the PHA operon were identified in the granule

proteome. Other proteins were evaluated based on factors including: a) enrichment on

the granule relative to background expression levels in whole cell lysate; b) up-regulation

under conditions known to induce granule formation; c) reports of PHA protein compo-

sition from the scientific literature; d) biophysical factors associated with some bone fide

granule proteins that predicted they may be associated with the granule. This information

was collected and assembled into a database format, as a resource for future investigators.

As well as confirming previous descriptions of the PHA granule proteome, my work

expanded the set of potential granule proteins, including two that were shortlisted as

candidates for further investigation (Chapter 4): pyruvate dehydrogenase E1 component

(Q88QZ5) and peptidoglycan-associated lipoprotein (P0A138).



3.2 Introduction

Although analysis of the proteome of P. putida under conditions of nitrogen limitation

can provide an insight into which proteins are being upregulated when PHA is produced,

it is important to note that nitrogen limitation causes major proteome changes, not all of

which are PHA-related. As seen in Chapter 2 of this thesis, many pathways are upregu-

lated in response to nitrogen stress including ABC transporters and nitrogen metabolism

processes. These changes are consistent with cell adaptation upon shift to a different nu-

trition regime.

For a more specific view of proteins associated with PHA production, the granule it-

self must be biochemically isolated and the corresponding proteins identified. Modern

proteomics is highly sensitive (over one thousand proteins can be identified in a typical

sixty minute analysis run), so a major challenge in this chapter was to develop an ap-

proach to assess the likelihood of individual detected proteins being bone fide granule

components. We assembled a database of information on each protein and used this to

develop a shortlist of potential but high confidence PHA granule components for further

analysis.

3.2.1 Known proteins associated with the P. putida granule

The composition of the surface layer of the PHA granule has long been debated. For many

years, it was believed that a phospholipid layer surrounded the PHA granule, following the

detection of lipids, and observation of lipid like structures in granule isolation work, over

50 years ago. [105] However, it was difficult to determine if these lipids were artifacts of

granule isolation procedure or truly associating with the PHA granule in vivo. Recently,

Bresan et al, provided strong support to the hypothesis that there is indeed no phospho-

lipid layer on PHA granules. They showed that fluorescently labelled proteins fused with

a phospholipid binding domain did not colocalise to the PHA granule in vivo. [55]
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While the presence of phospholipids remains controversial, the presence of proteins

on the PHA granule has long been accepted. These proteins are found on the surface of

the PHA granule, and each plays a role in PHA metabolism. Proteins associated with the

PHA granule are typically referred to as granule-associated proteins (GAPs). A subset of

GAPs are classed as phasins. These are small proteins which localise to the granule, and

while they do not have enzymatic activity, they are integral to proper granule formation

and segregation. In general, phasin can be considered GAPs for which a granule-related

phenotype has been demonstrated. [56]

Phasins are found in all PHA producers, and are abundant on the granule but they

are not highly conserved across species. [56] Another factor to take into consideration is

that they can be multi-purpose proteins. Although they are classified according to their

function in the structural integrity of the PHA granule, in some cases, they also have been

shown to have other functions in the cell. For instance, Mezzina et al, 2015 found that a

phasin from Azotobacter sp FA-8 had chaperone activity. [100]

Therefore, for the purpose of clarification in this study, proteins identified as associated

with the PHA granule will be referred to as granule associated proteins (GAPs), unless

they have previously been categorised as phasins.

Proteins that localise to PHA granules of P. putida can be classified into four types:

These are (a) PHA synthases (PhaC), (b) depolymerase (PhaZ), (c) phasins (PhaF, PhaI)

and (d) others, for example acyl-CoA synthase. [40]

While these four classes of proteins are commonly identified on the PHA granules of

all PHA accumulating bacteria, there is much diversity in the number of phasins identified

between species. Ralstonia eutropha is one of the most extensively studied producers of

short chain length PHA. More than twenty proteins have been described as being asso-

ciated with the PHA granule in this bacterium, including eight phasin proteins. [106] In

contrast, R.rubrum has two proteins annotated as phasins. [107]. P. putida has just two
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annotated phasins: PhaI and PhaF. However, Tarazona et al carried out a biochemical

granule isolation followed by mass spectrometry on P. putida and identified 78 potential

GAPs. [61] This suggests that the protein composition of the P. putida granule is much

more diverse than previously considered. An alternative explanation is that the isolation

procedures result in low levels of ‘carry over’ protein that can be detected by sensitive

mass spectrometry experiments, and if this is the case then additional information (infor-

matic or experimental) is desirable to estimate the confidence of the mass spectrometry

assignments.

3.2.2 Granule Isolation

Since it is the first step in identifying PHA granule associated proteins, the method of

isolation is of critical importance, since it will determine the level of purity of the final

isolate. Solvent extraction is a popular choice for industrial processes. This approach

solubilises PHA via precipitation using solvents such as choloform. [108] The main ad-

vantage of solvent extraction is that it extracts the maximum amount of commercially

useable PHA as possible but the granule structure is lost during the process. PHA yields

of up to 94% have been reported using acetone as a solvent in large scale production of

mcl-PHA from P. putida. [109]

These large scale production approaches are not suitable for procedures aimed at iso-

lating an intact ultrastructural cell entity such as the PHA granule. Proteins associated

with the PHA granule could be stripped from the surface with these harsh chemicals. As

a result, procedures aimed at isolating the intact PHA granule generally rely on biophys-

ical rather than chemical principles. Typically, density based methods are employed, for

example separation of lysed cell components in glycerol or sucrose gradients during cen-

trifugation. These procedures need to be carefully controlled and monitored since proteins

released during cell lysis steps can subsequently attach inappropriately to the granules, re-

sulting in false positive granule components being identified.

77



Figure 3.1 details the steps taken in a typical granule isolation experiment using glyc-

erol gradients.
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Figure 3.1: Experimental design for isolation of PHA granules and analysis of asso-
ciated granules using mass spectrometry. A series of glycerol gradients were used to
separate the granule layer. During centrifugation, PHA granules settled at the interface
between the 80% glycerol and 60% glycerol layer. The PHA fraction was removed and
the proteins digested, prepared for mass spectrometry and analysed.
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Table 3.1 catalogs published studies in which PHA granules were isolated for pro-

teomic analysis. In all experiments, a series of glycerol gradients were implemented in

order to separate the PHA granule from other cellular components. These glycerol gra-

dients were first detailed by Merrick et al, to isolate PHA granules from R.rubrum [110].

This method of isolation works on the basis that when a crude cell extract is loaded onto a

glycerol gradient, and centrifuged, the PHA granules will move through the glycerol den-

sities until they reach a density similar to their own. In practice, in published work, this

results in the PHA granules settling at the interface between the 80% and 60% glycerol

layer. Soluble proteins and membrane proteins remain on the top of the glycerol gradient

(above the 50% glycerol layer) and can therefore be separated from the PHA granule and

granule-associated proteins. Overall, the use of glycerol gradients is a gentle isolation

approach that allows PHA granules to be isolated with granule associated proteins still

present.

Table 3.1: Overview of PHA granule isolation methods. In all studies shown, a glyc-
erol gradient was used to separate the granule from other cellular components

Source Species Total
detected ‘Positive’ Negative control Purification MS Validation

Narancic 2018 [107] R.rubrum 1497

193
(7 exclusive
to N limit
growth)

phaC1phaC2
knockout &
artificial granule

2 glycerol steps
Shotgun,
Orbitrap

Microscopy: EYFP
colocalization
with Nile Red

Sznajder 2015 [106]
Ralstonia
eutropha 268 12

3 other fractions from
glyercol gradients
(‘membrane’,
‘membrane-associated’,
‘soluble’)

2 glycerol steps in-gel

Microscopy: EYFP
colocalization
with Nile Red;
Mutant

Jendrossek,
Pfeiffer 2013 [111]

Ralstonia
eutropha 400

Review Paper,
Table 1 None 2 glycerol steps

Shotgun,
LCMS None

Tirapelle 2013 [112]
Herbasprillum
seropedicae ˜15 ˜15

None
(visual comparison
with gel)

2 glycerol steps
in-gel,
MALDI Mutant

Catone 2014 [113]
Pseudomonas
extremaustralis ˜10 ˜10 None 2 glycerol steps

in-gel,
LCMS RT-PCR

Tarazona 2020 [61]
Pseudomonas
putida 496 78 None

2 approaches:
2 glycerol steps,
2 sucrose steps

MALDI
Microscopy:
GFP localisation

3.2.3 Proteomic Analysis of GAPs

While there is a general consensus over the use of density based methods to isolate the

PHA granule, in terms of proteomic analysis there are two general approaches: a) the

proteins can be cut out of electrophoretic gels following separation, digested with trypsin
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and prepared for mass spectometry or; b) the entire solubilised proteome from the granule

fraction can be analysed using sensitive LCMS technology.

In the first approach, proteins cut out of a gel and digested with trypsin are usually

analysed using the less sensitive, but more rapid, MALDI approach. This uses peptide

mass fingerprinting, that is, searching a protein sequence database using the masses of

the peptides produced by trypsin digestion. Several examples of the first approach (gel-

isolated, MALDI identified proteins) have been reported in the literature (Table 3.1).

Tirapelle et al [112] identified 15 proteins associated with granules in Herbaspirillum

seropedicae using this approach. This approach was also implemented by Catone et

al, [113] when isolating the granules of the PHA and PHB producer Pseudomonas ex-

tremaustralis. Catone et al, identified 10 potential GAPs using this approach.

A second approach, which is employed in this thesis, is to analyse the entire solu-

bilised proteome from the granule fraction using sensitive LCMS technology that uses a

different identification approach; sequencing of the individual tryptic peptides using tan-

dem mass spectrometry combined with amino acid sequence database searching. This

latter approach can identify hundreds or thousands of proteins, but care must be taken to

evaluate the results using the quantitative component of the mass spectral signal. Other-

wise, proteins present at very high levels, equivalent to strongly staining proteins on an

SDS-PAGE gel, will be evaluated in the same way as weakly staining minor components.

Previous studies using this approach have identified hundreds of potential granule asso-

ciated proteins, in comparison to the 10-15 proteins identified in the first approach. For

example Sznajder et al, [106], identified 268 proteins in their study of proteins associated

with the PHA granule in Ralstonia eutropha.

Prior to analysing the MS data, much information about protein content can be gleaned

by the relatively simple approach of SDS-PAGE analysis (solubilizing the granule pro-

teins in SDS-PAGE loading buffer and observing the proteins stained with Coomassie
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blue or silver nitrate).The mass distribution of the proteins, their relative staining inten-

sities (which indirectly reflects the abundance of the protein species), and the purity of

the preparation can all be determined. In previously published studies that include SDS-

PAGE analysis of PHA granules, the most intense banding generally derive from the

phasin proteins while levels of more weakly staining proteins might indicate the presence

of additional PHA granule components or perhaps represent background contaminants.

Typically in these studies, 10-15 proteins are identified as abundant on the granule. For

instance, Tirapelle et al, identified nine major bands on an SDS-PAGE with granules

isolated from Herbasprillum seropedicae, two of which corresponded with the expected

molecular size of known GAPs. [112]

3.2.4 Distinguishing GAPs from background proteins

Differentiating additional PHA granule components from background contaminants is

one of the most challenging aspects in defining the PHA proteome. This is of particular

importance when the entire solubilised proteome from the granule fraction is analysed

using sensitive LCMS technology, since thousands of proteins can be detected.

Suitable controls must be implemented to ensure background proteins can be identified

and eliminated from lists of high confidence PHA proteins. Sznajder et al, 2015 compared

the proteins identified in the granule fraction of a R.eutropha isolation experiment to three

other fractions from the same glycerol gradients (membrane, membrane associated, and

soluble). Only proteins that were exclusive to the granule fraction were considered po-

tential GAPs. Initially, 268 proteins were identified in the granule fraction by Sznajder.

Only 12 of these proteins were not found in the other glycerol layers and were considered

to be potential GAPs. [106]

Narancic et al, 2018, introduced artificial PHB granules into a R.rubrum phaC1phaC2

knockout mutant and any proteins which were found to associate with the artificial gran-

ule were considered background contaminants.

An alternative strategy is to implement a stringent bioinformatic filter. This was employed

by Tarazona et al, 2020 when isolating PHA granules from P. putida. Initially, Tarazona
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identified 496 proteins across three granule fraction samples. Three criteria for inclusion

as a potential GAP were applied: a) a minimum of two Peptide Spectrum Matches(PSMs)

(which represents the total number of identified peptide spectra matched for a given pro-

tein) was required for each protein and; b) proteins must be detected in all three granule

isolation samples and; c) only proteins with two distinct peptides were considered. This

reduced the list of potential GAPs to 78. [61]

We developed our own workflow for determining if a protein was granule associated or

a background contaminant. This approach has two main stages: statistical and knowledge

based. In the statistical stage, we tested if proteins were enriched in the granule relative to

the whole proteome, and also if the proteins were enriched in nitrogen limited conditions

versus nitrogen excess conditions. In the knowledge-based approach, we used calculated

and predicted biophysical properties, as well as information from published data to assess

the likelihood of a statistically enriched protein being a bone fide GAP. Since there is a

large amount of diversity in GAPs, it was not possible to exclude any protein based on one

criteria alone, so this information was collected as a database and used to assemble a list

of high confidence potential GAPs. An overview of this process is described in Figure 3.2.

Figure 3.2: Workflow to identify high confidence potential GAPs. Proteins identified in
the granule fraction where subjected to statistical and knowledge based tests to determine
their likelihood of being GAPs
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By isolating the PHA granule fraction of P. putida using sensitive LCMS technology,

and analysing the resulting identified protein, we collected a compendium of information.

This information was used to establish a subset of high confidence candidate PHA granule

proteins, as well as to shortlist three pontential GAPs for further investigation in Chapter

5 of this thesis.

3.3 Materials and Methods

3.3.1 Growth Conditions

P. putida cells were grown overnight in 5 ml LB broth, pH 7 at 30◦ C, 250 rpm. 5ml

of this overnight culture was inoculated into 250ml of autoclaved M9 minimal media

(pH7.2) with glucose as the carbon source. M9 contained the following components (per

L): 9 g Na3 PO4 12H2O, 1.5 g KH2 PO4 and 0.1 g/6g NH4 Cl (N limit/ N excess ), 1 mL

MgSO4 7H2O (1 M stock solution; added after autoclaving) and 1 mL trace elements (per

litre: 4 g ZnSO4 7H2O; 1 g MnCl4 H2O; 0.2 g Na2 B4 O7 10H2O; 0.3 g NiCl2 6H2O; 1 g

Na2MoO4.2 H2O; 1 g CuCl2H2O; 7.6 g FeSO4 7H2O; added after autoclaving). After au-

toclaving, the medium was supplemented with 0.4% glucose as a carbon source. Cultures

were grown at 30◦ C for 48 hours. After this time, cultures were taken and spun down for

10 minutes at 5,000 rpm. Pellets were then washed twice with phosphate buffered saline

(pH 8), and immediately frozen at -80◦C until further analysis.

3.3.2 Isolation of PHA granules

Isolation procedure was followed according to the protocol published by Narancic et al,

2018. [107] Briefly, cells were harvested by spinning down at 4◦C at 5,000rpm for 30

minutes. They were washed twice with 50mM phosphate buffered saline, (pH 7) and the

supernatant discarded. Cells were lysed using Bugbuster Master Mix (5ml per 1g cell

wet weight, with cOmplete Mini, EDTA-free tablet(Sigma). The tubes were incubated

in a warm room (37◦C) for 30 minutes, with shaking. Cell lysate was then added to a
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polyallomer centrifuge tube containing a glycerol gradient with 10ml 90% glycerol, 10ml

50% glycerol. The tube was then filled to capacity with 100mM Tris-HCl (pH 8). This

was centrifuged at 20,000rpm at 4◦C for 40 minutes using 32 Ti swinging rotor. The layer

was collected at the interface between 90% and 50% glycerol using a Pasteur pipette. The

layer was diluted using 100mM Trizma (pH 8) to a total volume of 10ml. The diluted

sample was then loaded onto a second glycerol gradient. This gradient contained four

layers: 90%, 80%, 60% and 40% glycerol, each 10ml. This was centrifuged at 20,000rpm

4◦C for 40 minutes using 32 Ti swinging rotor.

PHA granules settled at the interface between 80% and 60% glycerol. The PHA layer

could be identified due to its thick, viscous appearance. This layer was collected and

transferred to a fresh polyallomer tube. The collected layer was again diluted 20 times

with 100mM Trizma pH 8 and centrifuged at 20,000 rpm 4◦C for 30 minutes using 32

Ti swinging rotor. The supernatant was discarded, and the pellets resuspended in 500ul

100mM Trizma pH 8. Granules were stored at 4◦C until further analysis.

3.3.3 In-gel digestion

Granule samples were incubated at 90◦C, with 1:1 sample incubation buffer for 10 min-

utes. 20ul of the sample was then loaded onto an SDS gel and ran at 100V until the sample

reached the stacking buffer. At this stage the voltage was stopped and the gel was placed

in Coomassie for 10 minutes. As soon as distinct bands became visible, the gel was re-

moved from the stain and the band of interest was excised using a fresh scalpel on a clean

surface, that had been wiped down with ethanol. The excised gel piece was diced into

1-2mm pieces and placed in a microfuge tube. The pieces were washed in 200ul of HPLC

grade water and left for five minutes. To destain the pieces, 200ul Ammonium Bicar-

bonate:Acetronitrile was added and incubated for 15 minutes at 37◦C on Thermomixer

with shaking. The supernatant was discarded and the process repeated until the pieces

were completely colorless. Then, 50ul of acetonitrile was added and incubated on the

thermomixer for 5 minutes, until the pieces shrunk and turned white. The acetonitrile was

then discarded and the pieces were dried out on the speedvac for 10 minutes.
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Next, 40ul of 10mM-DTT in 100mM-Ambic was added to the dried gel pieces and in-

cubated for 45 mins at 56◦C to break down disulfide bonds. The supernatant was removed

and 40ul of 55mM-Iodoacetamide in 100mM-ambic was added to cover gel pieces. The

samples were incubated for a further 30 minutes at room temperature in the dark. After

this, the supernatant was once again removed and the pieces were dried out by adding

40ul of acetonitrile, incubating for 5 minutes then drying down on the speed vac.

Digestion of the peptides in the gel pieces was carried out as per the instructions on

the trypsin singlets kit (Sigma). Briefly, 1ug of trypsin was dissolved in 50ul of trypsin

reaction buffer. The vial was vortexed to ensure the trypsin was dissolved. 20ul of the

trypsin solution (containing 0.4ug of trypsin) was added to the tube containing the dried

gel piece. The gel was allowed to rehydrate in the trypsin solution for 10 minutes. Then,

an additional 50ul of trypsin reaction buffer was added to ensure the gel piece did not

dry out. Samples were digested overnight at 37◦C to ensure a high sequence coverage.

Peptides were extracted using 50ul of 70% acetonitrile, 5% formic acid. This was com-

bined with the supernatant from the night before. These extracts were dried down on the

speedvac, then resuspended in 40ul of 0.1% formic acid.

3.3.3.1 ZipTip Purification

The digested samples were then acidified to pH 2.5 by the addition of 3ul of formic acid

and the peptides were then purified using ZipTip C18 columns (Merck Millipore, USA).

The ZipTips were equilibrated with 20 ul acetonitrile and 20 ul 0.1 % (v/v) formic acid.

To bind the peptides to the column, the peptide solution was aspirated 10 times. The

bound peptides were washed with 0.1 % (v/v) formic acid and eluted in a clean LoBind

Eppendorf with 40 ul 70 % (v/v) acetonitrile in 0.1 % (v/v) formic acid. After the concen-

trating step (1 h at 45 ◦ C, Concentrator 5301; Eppendorf, Germany) the peptides were

resuspended in 15ul 0.1 % (v/v) formic acid for the LC-MS/MS analysis.
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3.3.4 Mass Spectrometry

The samples were analyzed by the Mass Spectrometry Resource (MSR) in the Conway

Institute, University College Dublin on a Thermo Scientific Q Exactive mass spectrometer

connected to a Dionex Ultimate 3000 (RSLCnano) chromatography system. Peptides

were separated on C18 home-made column (C18RP Reprosil-Pur, 100mm x 0.075 mm

x 3 um, Dr. Maisch, Germany ) over 58 min at a flow rate of 250 nL/min with a linear

gradient of increasing buffer B from 1% to 27%. The buffers used in the gradient were

buffer A (0.5% acetic acid) and buffer B (97.5% acetonitrile, 0.5% acetic acid). The mass

spectrometer was operated in data dependent mode; a high resolution (70,000) MS scan

(350-1600 m/z) was performed to select the twelve most intense ions with an automatic

gain control (AGC) target of 3e6 and an injection time of 60 ms and fragmented using

high energy C-trap dissociation for MS/MS analysis. The MS2 was conducted with a

resolution of 17,500, an AGC target of 5e4 with an injection time of 250ms.

3.3.5 Protein Identification

Raw data from the Orbitrap Q-Exactive was processed using MaxQuant version 1.6.5.0

[85], which incorporates the Andromeda search engine. Most parameters were kept to

a default setting in MaxQuant, with a False Discovery Rate (FDR) of 1 % on both the

protein and peptide level. Tryptic specificity was set to allow a maximum of two missed

cleavages. Carbamidomethyl (C) was set as the only fixed modification, and acetylation

of the protein N-terminal and oxidation(M) were set as variable modifications. Spectra

were matched to the P. putida KT2440 database, which was downloaded from Uniprot in

FASTA format (03.01.2019).

3.3.6 Data Analysis and Processing

The Perseus statistical software (version 1.6.2.1) was used to analyse the LFQ intensi-

ties [86]. The number of proteins was determined after potential contaminants were re-

moved from the list of protein identifications. LFQ intensities were log2x transformed
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prior to analysis. Imputation was carried out to replace missing values. This did not

affect the normal distribution of the samples, hence this dataset was used for all further

calculations. Graphs were produced using GraphPad Prism Version 8.1.2 for Windows,

GraphPad Software, La Jolla California USA.

3.3.7 Bioinformatic Approaches

Several software platforms were used to predict biophysical factors. These were: IUPred2A

was used to estimate the probability of disorded regions in proteins of interest. [114] [115]

SignalIP50 was used to predict signal sequences in proteins [116]. FASTA files were up-

loaded to the server, and searched for signal sequences within the organism group ’gram-

positive’. The output format chosen was ‘short’, which showed one line of output per

sequence. This gave the predicted likelihood of a signal sequence in a protein. Where a

signal sequence was predicted, the cleavage site was also included. TMHMM2.0 was used

to search for transmembrane domains [117]. FASTA files were uploaded and searched us-

ing default parameters, with the output format chosen as one line per protein. This gave

details including the number of predicted helices and the predicted number of amino acids

in the transmembrane helices.

3.4 Results

250ml P. putida cultures were grown up in biological triplicate in PHA accumulating (ni-

trogen limited) and PHA non-accumulating conditions (nitrogen excess) conditions and

harvested after 24 hours of growth. 50ml from each sample was taken, spun down and

prepared for LCMS analysis. The PHA granules accumulated in nitrogen limited condi-

tions were then isolated from the remaining culture using a glycerol gradient approach

and subjected to LCMS analysis. The proteins identified from the granule isolation were

compared to the whole proteome of P. putida cells in PHA accumulating conditions and

non- accumulating conditions, in order to identify proteins enriched on the PHA granule.
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3.4.1 Optimisation of granule isolation

A glycerol gradient method was used for granule isolation as this method has been used

extensively in other granule isolation experiments and has shown high reproducibility

(Table 3.1). Specifically, the method employed by Narancic et al, was followed [107]. It

was an advantage that this approach was used in our laboratory previously, so expertise

was available for the initial set up.

The granule isolation procedure is comprised of multiple steps, however, for optimisa-

tion purposes I focused on two main steps: lysing the cells, and taking off the PHA layer

from the glycerol gradient. In the previous chapter, (Chapter 2, section 3.1), cells were

immediately added to 8M urea to lyse the cells and denature the protein. However, in this

experiment, we needed a gentler approach, to ensure the proteins were not stripped from

the granule, and stayed attached throughout the granule isolation procedure. Therefore,

Bugbuster Master Mix was used to gently lyse the cells. This is a commercial mixture of

detergents, the exact composition of which is proprietary, designed to effectively disrupt

bacterial cell walls. A protease inhibitor cocktail, cOmplete (Sigma), was also added.

This combination of protease inhibitors inhibits a broad range of proteases, and protects

proteins from proteases following cells lysis.

Pilot experiments showed incomplete lysis, with cell debris settling at the bottom of

the glycerol gradient. To circumvent this, the incubation time for cells in BugBuster

was increased to 45 minutes, from the recommended 20 minutes, with vigorous pipetting

every five minutes to ensure complete lysis. After adapting this approach, the amount of

visible pellet at the bottom of the glycerol gradient was decreased.

The second step I focused on for optimisation purposes was extracting the granule layer.

There are two glycerol gradients used in this method. In the first, the granule fraction

settles between the 90% and 50% glycerol layer. In the second gradient, granules settled

at the interface between the 80% granule layer and the 60% granule layer. They formed

a thick, viscous layer, which was easily visible. This layer is not visible when isolation

experiments are carried out on P. putida cells grown in conditions that do not favour PHA
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accumulation, confirming PHA is being accumulated in nitrogen limited conditions. A

thin 1ml plastic Pasteur pipette was used to remove the granule layer. This causes less

disruption to the glycerol layers compared to a fixed volume pipette. This improved the

accuracy in removing the correct layer. The procedure was carried out initially on two

biological replicates, with 453 proteins identified across both replicates.

3.4.2 Optimisation of proteomics for P. putida granule isolation

In the pilot run, trypsin was added to the isolated granule fraction to digest the proteins,

then they were purified using C18 ZipTips before they were subjected to LCMS. However

detergent contamination was an issue. As mentioned in the previous section, BugBuster

Master Mix was used to disrupt cell membranes. The hydrophobic components of deter-

gent molecules often preferentially interact with the C18 material used in the Zip Tip sam-

ple clean up and LCMS stages of proteomics experiments, thereby displacing the peptides

under analysis and lowering overall sensitivity. Additionally, many of these compounds

ionize effectively during the electrospray process, and the resulting mass spectral signals

can drown out the signals from the peptide analytes.
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Figure 3.3: Contamination of PHA granule samples with detergent molecules. The
spectrum (MS1 spectrum recorded in a Q-Exactive experiment at room temperature 50-
55 minutes of a 60 minute LCMS run) showing peaks separated by repeated mass units
of 44.05Da (equivalent to the oxy-ethylene (-OCH2CH2-) group frequently occurring in
detergent polymers. This causes ion suppression and interferes with peptide binding to
solid phase HPLC materials
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Figure 3.3 shows several prominent detergent peaks could be observed. These de-

tergent peaks, possibly polyethylene glycol (PEG), can be identified by recurring peaks,

44.05 Da apart. These can suppress samples and result in peptides of lower abundance

not being detected. [118]

In order to minimize detergent contamination, in-gel purification was carried out in-

stead. In this approach, the isolated granules were first run into the gel for a distance of

1cm so that detergents and other non-protein molecules would run through the pores. The

gel was stopped before proteins could be separated out by size and the gel piece contain-

ing the proteins was excised. Pure peptides were recovered following trypsin digestion

using solvent extraction.

To test if using in-gel purification gave better results than an in-solution digest, the se-

quence coverage of the two main phasins were compared: PhaI (Q88D20) and PhaF(Q88D21).

Sequence coverage refers to the percentage of the protein sequence identified in a tan-

dem mass spectrometry experiment. Higher sequence coverage usually indicates higher

concentrations and more sample of higher purity. Sequence coverage of both phasins

was higher using the in-gel digest approach for both phasins, PhaI (Q88D20) and PhaF

(Q888D21), with an increase of 15.1% and 49.8%, respectively (Table 3.2). This most

likely reflects improved sample isolation by decreasing interference from detergent.

Table 3.2: Comparison of in-solution with in-gel digestion approaches for proteomic
analysis of PHA granules.

In-solution Digest In-gel Digest
Protein IDs 453 1494
Peptide IDs 1173 10106

Sequence Coverage [%] PhaI (Q88D20) 57.6 72.7
Sequence Coverage [%] PhaF (Q88D21) 25.7 75.5

Furthermore, to get a more specific insight the most highly scored peptide (MaxQuant

peptide match score) from PhaF (Q88D21) was compared for the alternative granule iso-
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lation strategies. (Figure 3.4)

Figure 3.4 (A) shows the highest scored peptide for in-solution digest samples, with a

score of 117. Just two b-ions are present, and the peak intensities of the ions in Figure 3.4

(A) are low compared to those in Figure 3.4 (B) .

Figure 3.4 (B) shows the highest scored peptide for the in-gel digested granule fraction. It

was scored 232, almost double the score of the highest ranked in-solution digest peptide.

This higher score reflect higher quality matches to idealised peptide mass spectra pro-

duced by computer from the protein sequence databases. A higher score for an identical

peptide from one mass spectrum over another is likely to reflect a greater concentration of

that peptide and greater purity. The fragmentation was much more complete with seven

b-ions and nine y-ions identified.
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Figure 3.4: Spectra showing the highest scored peptides (MaxQuant peptide match
score) in PhaF (Q88D21) in (A) in-solution digest granules and (B) in-gel digest sam-
ples. in-gel spectra had higher scoring peptides with higher intensity ions, indicating
higher concentrations and more pure sample.
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Considering the improved sequence coverage of PhaI and PhaF using the in-gel di-

gestion, and the increase in peptide and protein IDs using in-gel digestion (Table 3.2), it

was decided to implement an in-gel digest strategy on all granule isolation replicates.

3.4.3 Analysis of proteins identified in the P. putida granule fraction

The granules were isolated using the glycerol gradient method (as described above, sec-

tion 3.4.1), gel purified, trypsin digested, and subjected to mass spectrometry analysis.

The whole proteome samples of P. putida cells extracted in nitrogen limited and nitrogen

excess conditions were prepared by lysing with 8M urea, in-solution trypsin digest and

subjected to mass spectrometry analysis. The proteins identified in each condition were

then compared.

The P. putida KT2440 protein sequence database was downloaded from Uniprot. This

contained all FASTA sequences of P. putida and was used to search against the mass

spectra obtained from the LCMS. The software package MaxQuant was used to quantify

peptides by label-free quantitation (LFQ) and identify proteins from the database.

Using MaxQuant software, 1,771 proteins were initially identified across replicates anal-

yses of the granules. This was reduced to 1,734 when potential contaminants and proteins

only identified by site were filtered out. Potential contaminants are common contami-

nants that are removed from the list, for example trypsin autocatalytic products. In this

study, these were excluded from the protein identification list as only proteins from the

P. putida database were considered of interest. Proteins only identified by site were also

excluded. These refer to proteins which only have peptides which have been modified

identified. Peptide identifications based only on modified peptides are generally low con-

fidence, therefore these results were also excluded.

Label-free quantitation (LFQ) intensity values were used to compare intensity be-

tween samples. These are intensity values which have been normalised by MaxQuant, to

reflect the ratio changes between each sample [85]. The LFQ intensity for each protein
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was log transformed to allow statistical tests that require normal distributed data to be

carried out. Imputation was then carried out to replace any missing values. These are

typically low abundance proteins and are therefore at the level of experimental noise or

below the level of detection of the machine. This missing data could skew statistical anal-

ysis. To circumvent this, missing values were replaced with a computer generated value

selected to reflect the normal distribution. Figure 3.5 shows the normal distribution of

protein intensities in each sample, following log transformation and imputation. Imputed

values are highlighted in red.
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Figure 3.5: Histogram of log transformed LFQ intensity (x-axis) vs. protein counts
(y-axis) for each sample. Red values denote imputed values which were given low values
from the normal distribution.

Firstly, the reproducibility of the experiment was assessed by comparing the similar-

ity of protein levels in each pair of experiments using the Pearson correlation. Figure 3.6

shows a scatterplot of identified proteins displaying the relative ion signal levels recorded

in each pair of experiments for the granule replicates. The overall correlation (Pearson)

for each pair is shown in the top right hand corner of the plot. The Pearson correlation
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value between each pair of replicates is over 0.95, which suggests a strong association

between the two, confirming that the PHA granule isolation and LCMS analysis pipeline

shows high reproducibility.

The Pearson correlation was also calculated for each pair of samples, including the

whole proteome replicates to test how similar each sample was. It is assumed that biolog-

ical replicates should have similar protein expression profiles, so the correlation between

replicates should be high. Figure 3.7 displays the Pearson correlation between each sam-

ple, with darker boxes indicating a lower Pearson correlation value. Biological replicates

did show high correlation values (>0.90) , confirming that both the PHA granule isolation

and the whole proteome MS preparation shows high reproducibility.
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Figure 3.6: Comparison of expression values determined for each protein using MS
signal between three granule replicates. There is a strong association between granule
replicates.
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Figure 3.7: Protein expression similarity for all MS experiments. The similarity be-
tween each pair of experiments (proteins identified and their relative levels) was calculated
using the Pearson Correlation Coefficient and plotted as a distribution map for all exper-
iment pairs. Suffixes (1,2,3) indicate biological replicate experiments. All samples were
taken after 24 hours of growth in nitrogen limiting (0.1g/L NH4Cl) and nitrogen excess
conditions (6g/L NH4Cl).

Hierarchical clustering was also used to test for reproducibility and to provide an

overview of the entire experiment. This arranges experiments and proteins that are most

similar beside each other and groups proteins with similar expression levels. Figure 3.8

shows the relative expression levels for each protein across all experiments, based on a

green/red intensity scale. Red indicates an increase in the protein expression level. It is

clear from this map that the replicate samples are highly correlated, indicating that the

analysis platform is robust and reproducible. Hierarchical clustering also shows that the

different experimental treatments show distinct protein expression patterns.
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Figure 3.8: Heatmap of protein expression across all samples. Experiments and pro-
teins with similar expression patters are grouped together, with the intensity of green/red
representing a measure of expression change. Biological replicates are grouped together
as they show similar protein expression levels

3.4.4 Evaluation of identified proteins

Further analysis on identified proteins was required to assemble a list of high confidence

potential GAPs. Although over 1,000 proteins were detected in the granule fraction (sec-

tion 3.4.3), based on SDS-PAGE results from other studies, we would expect approxi-

mately less than 25 granule proteins [111]. I used four criteria (A,B,C,D) to evaluate

and rank the large number of identifications. These criteria included both statistical ap-
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proaches ;A) Enrichment on the granule and B) Upregulation under nitrogen limiting

conditions and knowledge based approaches, that is C) Reports from the scientific litera-

ture and D) Predicted biophysical properties

A) Enrichment on the granules

First, we reasoned that genuine protein components of PHA granules are likely to be en-

riched in the granule isolates when compared to similar experiments measuring the total

P. putida proteome (i.e. whole cell lysate). We therefore scored each protein as a ratio

of the mass spectral intensity signal recorded for that protein relative to the entire signal

recorded for all granule proteins (Table 3.3, Granule Intensity), in other words where that

protein ranks in terms of expression for all the granule proteins detected. Proteins were

ranked by this criteria and the 30 proteins with the highest granule intensity are shown

below. (Table 3.3)

We also calculated the ratio of signal recorded for each protein detected in the granule

fraction relative to the signal detected in the whole cell lysate. (Table 3.3, Granule En-

rich), in other words by what magnitude the protein was enriched in the granule relative

to the overall cell.

For the latter, 89 proteins were found to be over 2-fold enriched relative to their levels in

whole cell lysate (equivalent amounts of protein were analysed by mass spectrometry, in

both analyses). Two-fold enrichment is frequently used in published transcriptome and

proteome experiments to indicate significant up or down regulation. The full list of pro-

teins identified as enriched on the granule can be found in the Supplementary Information,

section A.3.
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Table 3.3: Most abundant proteins in the P. putida PHA granule as ranked by Gran-
ule Intensity

Uniprot Protein
Granule

Intensitya
Granule
Enrichb

N-Lim
Enrich 2c

Rank
NExcessd

Rank
NLimitede Tarazonaf

Q88D20 Poly granule-associated protein 0.038 1 1 14 3 1
Q88QN7 Elongation factor Tu-B 0.030 1 1 14 1

Q88D21
PHA granule-associated protein

GA2 0.028 1 1 568 5 1

Q88L46 Outer membrane porin F 0.027 1 1 467 1 1
Q88N55 60 kDa chaperonin 0.016 1 2 15 1
Q88CY3 Glutamine synthetase 0.014 1 1 57 8
Q88BX2 ATP synthase subunit alpha 0.013 1 17 9 1
Q88QN2 50S ribosomal protein L2 0.012 1 716 29
Q88QN8 Elongation factor G 1 0.011 19 24 1

Q88QZ5
Pyruvate dehydrogenase E1

component 0.011 1 1 161 13

Q88DU2 Chaperone protein DnaOS 0.011 1 7 31 1
Q88P53 Ornithine carbamoyltransferase 0.01 1 4 6

Q88DF8
Branched-chain AA ABC

transporter 0.01

Q88P52 Arginine deiminase 0.01 1 3 4
Q88BX4 ATP synthase subunit beta 0.009 1 9 7 1
Q88FS2 Isocitrate dehydrogenase 0.008 1 66 123
Q88LC9 Uncharacterized protein 0.008

Q88QP1
DNA-directed RNA polymerase

subunit 0.008 1 1 422 21

Q88QP2
DNA-directed RNA polymerase

subunit 0.008 1 1 249 26

Q88NR4
Branched-chain AA ABC

transporter 0.007 1 8 208

Q88P38 Mannose/glucose ABC transporter 0.007
Q88NT3 OmpA family protein 0.007 1 1438 39 1
P0A157 50S ribosomal protein L7/L12 0.006 1 37 33
Q88M03 30S ribosomal protein S1 0.006 1 26 12

P0A138
Peptidoglycan-associated

lipoprotein 0.006 1 1004 57 1

Q88PD7
Peptidase M75 domain-containing

protein 0.006 1 574 28

Q88QN5 50S ribosomal protein L3 0.006 1 1 356 86 1

Q88FB0
2-oxoglutarate dehydrogenase

component 0.006

Q88CJ9 Putrescine ABC transporter 0.005
Q88QP4 50S ribosomal protein L1 0.005 1 54 511
a= ratio of the mass spectral intensity signal recorded for that protein relative to the entire signal

recorded for all granule protein b= over 2-fold enriched in granule relative to their levels in whole
cell lysate (n-lim) c= over 2-fold enrichedin N lim relative to their levels in N exc d= Rank N
excess e= Rank N lim f= Identified in granule isolation experiments by Tarazona et al, 2020

B) Upregulation under nitrogen limited conditions

Second, we reasoned that bone fide granule proteins are likely to be upregulated under

nitrogen-limiting and other stress conditions. This is consistent with other studies that
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have shown granule-related proteins to be upregulated in times of nutrient imbalance or

stress. Mozejko et al, found that when P. putida was grown under conditions of dual

carbon-phosphorous limitation, PhaF increased 2.4 fold compared to normal growth con-

ditions [14].

This was confirmed in our analysis in Chapter 2, where several PHA-related proteins,

including PhaF and PhaI were significantly increased in nitrogen limited conditions com-

pared to nitrogen excess conditions (section 2.5.3).

The whole proteome of P. putida in PHA accumulating and non-accumulating con-

ditions was compared to identify upregulated proteins. 100 proteins were found to be

enriched more than 2-fold during growth in N-limited media relative to N-excess media.

The N-Lim Enrich column in Table 3.3 identifies proteins upregulated by at least two fold

in nitrogen limited conditions.

Two other columns (‘RankNExcess’, ‘RankNLimited’) show the abundance rank held

by each protein following growth in N-limited or N-excess media, scored using total ion

intensity for that protein. These numbers give an indication of which proteins increase in

expression under conditions that are known to induce PHA granule formation, and thus

are more likely to be bona fide granule components.

C) Reports from the scientific literature

Another indication that a protein identified in a granule fraction is genuinely localised

to the granule is detection in independent studies. We therefore compared the proteins

reported in isolated granules identified by Tarazona and coworkers (2020) using MALDI

mass spectrometry [61] to proteins we detected in the PHA granule fraction.

In the study by Tarazona et al, 496 proteins were identified on the granule across three

samples, however this was reduced to 78 potential PHA interactors following a stringent

104



bioinformatic filter. Firstly, a threshold of two Peptide Spectrum Matches (PSMs) was set

for each sample. Secondly, only proteins detected in all three samples were considered.

In the study by Tarazona et al, two different granule isolation methods were used: a glyc-

erol gradient and a sucrose gradient. The sucrose gradient resulted in twice the number

of identifications, however, there was only a small positive correlation (0.313 and 0.422)

between the two glycerol gradients and the sucrose gradient. Therefore, using the criteria

that proteins must be detected in all samples, a large proportion of identifications were

eliminated as candidate GAPs. Finally, only proteins with two distinct peptides were con-

sidered. This resulted in a final set of 78 potential GAPs [61].

Of these 78 proteins identified by Tarazona et al, 75 were found in our granule isola-

tion experiment, suggesting that our glycerol purification/LCMS approach is comprehen-

sive. (Table 3.3, Column Tarazona) To our knowledge, the study outlined in this chapter

and the Tarazona study are the only two studies thus far that have specifically investigated

the proteins on the granule of P. putida.

Given this limitation of previous granule isolation data, we added an additional evalua-

tion criteria, a requirement that potential GAPs are significantly upregulated under condi-

tions known to promote PHA granule biosynthesis. Mozejko et al, investigated proteomic

changes during PHA production on a global level using sodium glucanoate as a carbon

source [77]. Mozejko et al identified 48 proteins upregulated in nitrogen limited condi-

tions. Of these proteins, 42 were identified in the granule fraction of our experiments.

By measuring mRNA transcripts, transcriptome experiments can provide information

about proteins that are upregulated under conditions that promote PHA granule forma-

tion. Dabrowska and coworkers (2020) identified 23 mRNA transcripts that were found

to be upregulated in N-limited growth in wild-type P. putida [12].

A similar experiment was carried out by Mozejko-Ciesielska and coworkers, iden-
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tifying 69 mRNA transcipts which were upregulated in nitrogen limited conditions in

response to different carbon sources [119]. Of the latter, only four were found to over-

lap with our list of proteins detected in PHA granules: cytochrome c oxidase subunit

(Q88F46), DNA-binding transcription regulator NtrC (Q88CY1), universal stress protein

family (Q88JK1), and putative 2-ketogulconokinase (Q88HH9).

This smaller overlap than expected may be due to the fact that different carbon sources

were used. Sodium glucanoate and oleic acid were used as carbon sources by Mozejko-

Ciesielska and coworkers, while glucose was used in our studies. Sodium glucanote ac-

tivates the de novo fatty acid synthesis pathway, while oleic acid uses the β oxidation

pathway.

D) Biophysical properties of potential GAPS, calculated/predicted using bioinfor-

matic applications

Useful data that can help discriminate true granule proteins from false-positives include

properties that have been observed in some (but not all) confirmed GAPs, including the

presence of disordered regions, signal peptides, and transmembrane domains. Table 3.4

details the features detected in the top thirty most abundant proteins on the granule.

Disordered regions of a protein are regions which lack a fixed tertiary structure. These

regions have been shown to have a wide variety of functions including modulation of pro-

tein binding and regulation of signalling pathways. While in isolation, these regions lack

a defined structure, many undergo disorder-to-order transitions upon binding to another

protein. [120]

The P. putida phasin PhaF has been shown to have a partially disordered N-terminal do-

main in the absence of PHA. This hypothesis was confirmed through hydrodynamic, spec-

troscopical and thermodynamic experiments [63]. Using in silico modelling, Mezzina et

al, found that PhaP from Azotobacter sp. FA8 has disordered regions. [121].
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Since some phasins have predicted disordered regions, we used PONDR software

to predict regions of disorder in potential GAPs. [122] This software uses sequence at-

tributes (such as the fractional composition of particular amino acids, hydropathy, or se-

quence complexity) to give each amino acid residue a score from 0 to 1. If a residue value

exceeds or matches a threshold of 0.5 the residue is considered disordered. Regions of

consecutively predicted disordered residues are likely to be disordered. Figure 3.9 shows

the PONDR output for the six most abundant proteins identified in the PHA granule frac-

tion. Both phasins PhaI (Q88D20) and PhaF (Q88D21) show long regions (>30 amino

acids) of predicted disorder.
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Figure 3.9: Prediction of disorder by PONDR software. Residues with a PONDR score
above 0.5 (y axis) are considered disordered by PONDR software.
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Another disorder prediction software, ESpritz was used to predict the overall percent-

age of disorder in each protein detected in the granule fraction. ESpritz software uses a

different approach to PONDR to predict disorder, using a machine learning method that

does not require sliding windows [123].

This software was also used to predict the number of segments in a protein with predicted

disordered stretches of more than 50 amino acids in length (Table 3.4). This was useful

since regions of consecutively predicted disordered residues are likely to be disordered.

For example, large proteins could have a low overall predicted disorder percentage, but

include short regions that are predicted to be disordered.

The online platform, TMHMM2.0 was used to search for protein regions predicted

to contain transmembrane domains [117]. It has been independently reviewed as the

best programme for transmembrane prediction. [124] TMHMM( Transmembrane Hidden

Markov Model) uses a hidden Markov Model to predict transmembrane structures. The

model defines seven states in the cell, and assigns the probability of an amino acid be-

ing in that state, taking into account the variability of amino acids in that state. It also

takes into account surrounding amino acids, and the likelihood they are in a specific state.

Just one protein in the top thirty was identified as having a transmembrane domain, outer

membrane Porin F (Q88L46).

Proteins containing a signal sequence are likely to be secreted and/or retained in the

cell membrane. The presence of these features was predicted using the online application,

SIGNALP5.0 for signal peptides [116]. This uses deep learning to discriminate between

three types of secretion signals in bacteria, and predicts the likelihood of their occurrence

in individual proteins. Figure 3.10 shows the amino acid sequence of the N-terminal re-

gion of the six most abundant proteins identified in the isolated PHA granule fraction.

SignalP predicts a signal sequence located in the N-terminal 30 amino acids of the Orp

polypetide with a high probability. This overlaps with the transmembrane domain pre-

dicted by the transmembrane domain software, TMHMM2.0. Neither of the two known

phasins in P. putida are predicted to have a signal peptide. Signal peptides are not usually
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associated with granule associated proteins. However, Narancic et al, did find that two

proteins shown to co-localise with the PHA granule in R.rubrum did contain a signal se-

quence [107]. Therefore, the presence of a signal peptide does not definitively prove that

a protein is not granule- associated.
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Figure 3.10: SignalP analysis of proteins abundant in the granule fraction. SignalP
(version 3.4) was used to analyze the amino acid sequence of the six most abundant pro-
teins on the PHA granule. The probability of local signal sequence is shown in the y-axis.
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Finally, the two P. putida phasins phaI and phaF contain known phasin domains (des-

ignated IPR008769 by the Interpro database and by PF05597 by the Pfam protein family

databases). These are depicted below in Figure 3.11. The PF05597 phasin domains are

mainly found in Pseudomonas species.

Figure 3.11: Phasin domains in P. putida phasin proteins. Interpro database was used to
search for domains in PhaI and PhaF. Both PhaI and PhaF were predicted to have phasin
domains by Interpro and Pfam (IPR008769 and PF05597 respectively).

The entire P. putida proteome was searched for the presence of these domains. Al-

though this domain is present in over 263 sequences across 196 species [121], the two

known phasins (PhaI and PhaF) are the only proteins in the P. putida KT2440 proteome

with this domain.

However, other proteins in P. putida have been shown to be granule associated and do not

contain this domain. Acyl-CoA synthase has been shown by fluorescence microscopy to

co-localise to the PHA granule in P. putida and does not contain a phasin domain [125].

Also, PhaZ has been shown to be a granule associated protein but does not have a phasin

domain either. [58] Hence, although the presence of this domain is indicative of a protein
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being granule associated, its absence does not exclude a protein from being a GAP either.

Table 3.4: Biophysical features of the most abundant proteins in the P. putida granule

Code
Protein Name

Granule
Intensity a

TM
domainb

Signal
P5.0c

%
disorder d

# segments
w/ disorder

50
Q88D20 Poly granule-associated protein 0.038 0.006 23.74 0
Q88QN7 Elongation factor Tu-B 0.030 0.005 9.07 0

Q88D21
PHA granule-associated protein

GA2 0.028 0.009 85.44 1

Q88L46 Outer membrane porin F 0.027 1 0.994 30.23 0
Q88N55 60 kDa chaperonin 0.016 0.022 10.07 0
Q88CY3 Glutamine synthetase 0.014 0.002 4.91 0
Q88BX2 ATP synthase subunit alpha 0.013 0.004 9.34 0
Q88QN2 50S ribosomal protein L2 0.012 0.008 37.22 1
Q88QN8 Elongation factor G 1 0.011 0.016 4.76 0

Q88QZ5
Pyruvate dehydrogenase E1

component 0.011 0.004 6.47 0

Q88DU2 Chaperone protein Dna 0.011 0.016 13.72 1
Q88P53 Ornithine carbamoyltransferase 0.010 0.002 11.30 0

Q88DF8
Branched-chain AA ABC

transporter 0.010

Q88P52 Arginine deiminase 0.010 0.007 7.43 0
Q88BX4 ATP synthase subunit beta 0.009 0.009 6.55 0
Q88FS2 Isocitrate dehydrogenase 0.009 0.015 5.50 0
Q88LC9 Uncharacterized protein 0.008

Q88QP1
DNA-directed RNA polymerase

subunit 0.008 0.005 5.00 0

Q88QP2
DNA-directed RNA polymerase

subunit 0.008 0.003 2.95 0

Q88NR4
Branched-chain AA ABC

transporter 0.007 0.999 12.66 0

Q88P38 Mannose/glucose ABC transporter 0.007
Q88NT3 OmpA family protein 0.007 0.010 48.26 0
P0A157 50S ribosomal protein L7/L12 0.007 0.022 36.36 0
Q88M03 30S ribosomal protein S1 0.006 0.048 8.33 0

P0A138
Peptidoglycan-associated

lipoprotein 0.006 0.002 53.01 0

Q88PD7
Peptidase M75

domain-containing protein 0.006 0.002 24.83 1

Q88QN5 50S ribosomal protein L3 0.006 0.006 16.58 0

Q88FB0
2-oxoglutarate dehydrogenase

complex component 0.006

Q88CJ9 Putrescine ABC transporter 0.006
Q88QP4 50S ribosomal protein L1 0.005 0.006 11.25 0

a= Mass spectral intensity signal recorded relative to the entire signal recorded for all granule
proteins b= Transmembrane domain predicted by TMHMM2.0 c=Likelihood of signal peptide

presence d= PONDR disorder prediction
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3.4.5 Evaluating potential GAPs

In the previous section, we implemented four criteria that we used to evaluate proteins

identified in the PHA granule fraction to produce a high confidence list of potential GAPs

(section 3.4.4). These four criteria were: enrichment on the granule, upregulation under

nitrogen limited conditions, reports from the scientific literature and biophysical factors

predicted using bioinformatics. This information was collected as a compendium and

used to shortlist candidates for further investigation.

Signal intensity of proteins identified in the PHA granule fraction alone could not be

used as the sole criteria, as it would give a bias towards proteins which are highly ex-

pressed in the cell. Examples of proteins that are abundant in the P. putida total cell lysate

and detected in the enriched PHA fraction include Elongation factor Tu-B (Q88QN7)

and Elongation factor G1 (Q88QN8) (Table 3.3). These proteins were also identified by

Tarazona et al, [61] who disregarded them as they were assumed to be upregulated as a

‘bacterial response to environmental stress’ and contaminants of the granule fraction.

One option to evaluate complex biological properties based on multiple properties is

to devise a weighted scoring system. This scoring system could calculate the likelihood

to a protein localising to the PHA granule. However, we found this to be difficult as

the candidate PHA proteins we identified varied very widely among the four biophysi-

cal/knowledge base categories we considered (Section 3.4.4). In other words, no ‘typical

profile’ characteristic of a bone fide PHA granule protein, could be identified.

We therefore studied the thirty most abundant proteins on the granule and decided on

a case by case basis, the likelihood of it being a granule associated protein. Eight proteins

were selected as high confidence GAPs (Table 3.5).
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Table 3.5: High confidence potential GAPs in P. putida

ProteinIDs Protein Name
Known
phasin

Rank
Nexs

Rank
Nlim Tarazonaa Granule

Enrichb
Nlim
Enrichc

TM
domaind

Signal
P5.0e

%
disorderf

# segments
w/ disorder
> 30

Q88D20
Poly granule-associated protein
PhaI 1 14 3 1 1 1 0 0.01 23.74 0

P0A138
Peptidoglycan-associated
lipoprotein 1004 57 1 1 0 0.00 53.01 2

Q88D21
PHA granule-associated protein
PhaF 1 568 5 1 1 1 0 0.01 85.44 2

Q88QP2
DNA-directed RNA polymerase
subunit beta 249 26 1 1 0 0.00 2.95 0

Q88QN5 30S ribosomal protein L3 356 86 1 1 1 0 0.01 16.58 0

Q88QP1
DNA-directed RNA polymerase
subunit beta 422 21 1 1 0 0.00 5.00 1

Q88QZ5
Pyruvate dehydrogenase
E1 component 161 13 1 1 0 0.00 6.47 0

Q88NT3 OmpA family protein 1438 39 1 1 0 0.01 48.26 1
a= Identified as a potential GAP by Tarazona et al [61] b= over 2-fold enriched in granule relative
to their levels in whole cell lysate (n-lim) c= over 2-fold enrichedin N lim relative to their levels in

N exc d= Transmembrane domain predicted by TMHMM2.0 e= Likelihood of signal peptide
presence f= PONDR disorder prediction

3.4.6 PHA operon proteins

In the previous section 3.4.5, we investigated the most abundant proteins on the granule.

The two known phasins of P. putida, PhaI and PhaF were identified as the first and third

(respectively) most abundant granule associated proteins. However, the other four pro-

teins coded for by the PHA operon were not identified in the list of the 30 most abundant

granule associated proteins (Table 3.3).

Table 3.6 shows the six proteins of the PHA operon, and their relative ranking in this

experiment. As described above (section 3.4.4) the granule intensity refers to the ratio of

total protein mass spectral intensity signal recorded for that protein relative to the entire

signal recorded for all granule proteins. Granule Enrich is the ratio of signal recorded for

each protein detected in the granule fraction relative to the signal detected in the whole

cell lysate. The N-limit Enrich column identifies proteins upregulated at least two fold in

nitrogen limited growth conditions.

Excluding PhaI and PhaF, no other PHA operon protein was identified as granule

enriched (Table 3.6).
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Table 3.6: PHA operon proteins detected on the PHA granule

Protein
Granule

Intensitya
Granule
Enrichb

N-Lim
Enrich 2c

Rank
NExcessd

Rank
NLimitede

Q88D20 Poly granule-associated protein 0.038 1 1 14 3
Q88D21 Poly granule-associated protein GA2 0.028 1 1 568 5
Q88D23 Poly(3-hydroxyalkanoate) polymerase 2 0.002
Q88D25 Poly(3-hydroxyalkanoate) polymerase 1 0.001 1404 131
Q88D24 Poly(3-hydroxyalkanoate) depolymerase 0.0002 1967 1684
Q88D22 Transcriptional regulator, TetR family 0.0001 1 1966 790
a= ratio of the mass spectral intensity signal recorded for that protein relative to the entire signal

recorded for all granule protein b= over 2-fold enriched in granule relative to their levels in whole
cell lysate (n-lim) c= over 2-fold enrichedin N lim relative to their levels in N exc d= Rank N

excess e= Rank N lim

3.5 Discussion

3.5.1 Identifying non-specific proteins associated with the PHA gran-

ule

Fewer than ten proteins have been shown to localise to the P. putida granule proteome in

the literature. [40] However as described above (section 3.4.4), over a thousand proteins

were identified across all analyses of purified PHA granules. In part, this arises from the

high sensitivity mass spectrometry platform used in this experiment. Other studies using

the less sensitive MALDI approach typically identified approximately 20 highly abundant

proteins that could be visualized and cut out from a SDS-PAGE gel.

Jendorssek, in a review paper, suggests a large proportion of proteins identified in granule

isolation experiments are false positives, due to the artefactual binding of the proteins to

the hydrophobic polymer surface [126]. Indeed, this binding has previously been shown

for other proteins, such as lysozyme. In a study by Liebergesell et al, lysozyme was

added during the granule isolation process of Chromatium vinosum D and showed very

high affinity for the granule, with 80% of the lysozyme added being identified on the PHA

granule after purification. [127]

One example of a protein which may be a non-specific binder is outer membrane porin
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F protein (Q88L46). This was ranked as the fourth most abundant protein on the PHA

granule (Table 3.3) and is upregulated in nitrogen limited conditions. It was also identified

by Tarazona et al, both as a granule associated protein and an interacting partner of PhaF.

However, following in silico analysis, Tarazona et al, did not find any evidence to support

its interaction with PhaF, or its abundance on the PHA granule and it was not considered

a potential granule associated protein. [61]

Outer membrane porin F (OprF) is a membrane of the OmpA family protein and

is one of the major proteins in the outer membrane of the Pseudomonads. OprF has

been extensively studied, particularly in Pseudomonas aeruginosa because of its role in

antimicrobial drug resistance and porin function. It is also involved in maintenance of

cell shape and membrane integrity. [128] It seems likely that OprF binds to PHA granules

during cell lysis and granule isolation, as suggested by Jendrossek et al, [126] and does

not localise to the granule in vivo.

Other proteins may be contaminants introduced during the glycerol gradient proce-

dures. The PHA granule layer settles between the 60% and 80% glycerol gradients. This

is a thin layer, and when removing it with a pipette, small amounts of proteins from the

layers above and below may be captured when the layer is disrupted. Since the mass

spectrometer is so sensitive, these can then be detected by the machine.

It is important to note, that although this method can be used to identify proteins of

interest, it cannot solely be used as evidence of the protein being localised to the granule.

Western blot could be used to confirm the presence of a specific protein on the granule

layer but there is a lack of commercial antibodies available for P. putida proteins. There-

fore, this is not a viable option in this case. Fluorescence microscopy could be used to

confirm these observations. This would involve tagging proteins of interest with a flu-

orescent tag to determine where in the cell the protein is localised. This approach is

implemented in the next chapter of this thesis, to determine the subcellular localisation of

proteins identified as potential granule-associated proteins.
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3.5.2 Granule Associated Proteins

Table 3.6 shows the six proteins of the PHA operon, and their relative ranking in this

study, taking into account their relative abundance in nitrogen limited and nitrogen excess

conditions. Each of these proteins have a confirmed role in PHA production, but not all

have been confirmed as GAPs. We wanted to determine which proteins from the PHA

operon were GAPs.

PhaI, Poly granule-associated protein GA2 (Q88D20) is the most abundant protein on

the PHA granule (Table 3.3). It is also significantly enriched in nitrogen limited condi-

tions, compared to nitrogen excess conditions. The high abundance of this known phasin

protein, gives further confidence in the granule isolation procedure. PhaI, although its

specific function is not clearly defined, has been shown to be integral to optimal PHA

production. PhaI knockout mutants have been found to cause a 1.5 fold decrease in PhaC

activity. [129]

PhaI also forms a complex with PhaF, poly granule associated protein (Q88D21) [61].

PhaF was found to be the third most abundant protein on the PHA granule (Table 3.3)

This phasin has been shown to be involved in granule localisation and segregation. Mu-

tant studies showed P. putida cells lacking PhaF did not segregate PHA granules during

cell division. [62]

Both PHA polymerases, PhaC1 (Q88D25) and PhaC2 (Q88D23) were identified in

this thesis in the granule fraction (Table 3.6). However, their relative abundance on the

granule was lower than expected. PhaC1 (Q88D25) was the 146th most abundant protein

on the granule, and PhaC2 (Q88D23) was the 195th most abundant protein on the granule.

(Table 3.6)

The ratio of signal recorded for PhaC1 and PhaC2 detected in the granule fraction

relative to the signal detected in the whole cell lysate was calculated, to determine if the

polymerases were enriched in the granule relative to the overall cell. Neither polymerase
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showed an enrichment in the granule relative to the overall proteome above the 2-fold en-

richment threshold that had been set for a protein to be considered granule enriched. This

is interesting as in the study carried out by Tarazona et al, [61] both polymerases were ob-

served with multiple peptide spectrum matches, suggesting they were in high abundance.

PHA depolymerase, PhaZ (Q88D24) was also detected, although the mass spectral

signal intensity was 190 times lower than the most abundant phasin on the PHA gran-

ule (Table 3.6). PhaZ is the protein responsible for breaking down PHA to release R-

hydroxyalkanoic acids, which can be used as carbon and energy sources by the cell. This

typically occurs in later stages of growth, when carbon sources are depleted. [58] In this

experiment, cells were harvested after 24 hours when PHA was being accumulated. The

low concentration of PhaZ associated with the granule is possibly explained by the fact

that cell metabolism was shifted towards PHA accumulation at the point of harvesting,

and low levels of PhaZ were being expressed.

Finally, PhaD (Q8D22) the transcriptional regulator had the lowest granule intensity

value of all the phasin proteins (0.0001) (Table 3.6). PhaD plays an essential role in regu-

lating the pha locus. [60] Therefore, its role may not require any interaction with the PHA

granule itself. Indeed, it has previously been shown that PhaD does not colocalise with

the PHA granule ( [61])

Overall, the detection of these proteins, specifically the highly abundant phasins (PhaI

and PhaF), gave confidence that proteins associated with the granule were being detected.

3.5.3 Shortlisting potential GAPs for further investigation

Eight proteins were identified as potential granule components following extensive data

analysis. (Table 3.5) Two of these potential GAPs were shortlisted as candidates for fur-

ther investigation: Pyruvate dehydrogenase E1 component (Q88QZ5) and peptidoglycan-

associated lipoprotein (P0A138)
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Two of the eight proteins identified as potential GAPs were phasins, PhaI and PhaF.

Both of these phasins have previously been shown to localise to the PHA granule and are

known to have roles in maintaining granule stability [61].

DNA-directed RNA polymerase subunit beta

Two DNA-directed RNA polymerase subunit β proteins were identified as potential GAPs,

rpoC and rpoB (Table 3.5) . However, previous microscopy studies investigated the intra-

cellular localisation of rpoC by fusing it with a fluorescent tag, mCherry. The fluorescent

signals from rpoC appeared predominantly in the regions not occupied by the polymer.

Thus, the authors reasoned that rpoC was not colocalised, but rather the RNA polymerase

machinery was pushed to the cells periphery by the PHA granules. [130] This indicates

the RNA polymerase subunits are not bone fide GAPs. This finding highlights the impor-

tance of further validation studies for potential GAPs.

OmpA family protein, Q88NT3

Q88NT3, an OmpA family protein was chosen as a potential GAP candidate. It has sev-

eral properties which suggested that it may be associated with the PHA granule. Firstly, it

was identified in this experiment as the 22nd most abundant protein on the granule (Table

3.3). This detection was also confirmed by Tarazona et al, who identified it in three P.

putida granule fractions [61]. Secondly, we found here that it is significantly enriched in

nitrogen limited conditions versus nitrogen excess conditions (Table 3.3). It also is not

predicted to contain a signal peptide, which means it is unlikely to be secreted. (Table

3.4) Finally, almost 50% of its structure is predicted to be disordered, a characteristic of

both known phasins of P. putida (Table 3.4).

Pyruvate dehydrogenase E1 component

Pyruvate dehydrogenase E1 component (Q88QZ5) was identified as the 10th most abun-

dant protein in the P. putida granule fraction in this study (Table 3.3). It was also over

2-fold enriched in nitrogen limited versus nitrogen excess conditions. (Table 3.3)
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The E1 dehydrogenase subunit is one of three component proteins within a large het-

eroligomeric pyruvate dehydrogenase (PDH) complex. The acetyltransferase component

of pyruvate dehydrogenase complex E2 (Q88QZ6) was also abundant on the granule with

a rank of 39. This gave further supporting evidence that the pyruvate dehydrogenase

complex may be colocalised to the PHA granule. The final component of the pyruvate

dehydrogenase complex, dihydrolipoyl dehydrogenase E3 was not detected.

The presence of PDH complex subunits on the PHA granule was unexpected as al-

though pyruvate dehydrogenase is a well studied enzyme, it has never been identified as

associated with the P. putida granule before. However, Sznajder et al, 2015 [106] had a

similar finding when studying the granules of Ralstonia eutropha. They identified both

E1 and E3 pyruvate dehydrogenase components on the granule. However, these were not

considered for further study as they were not identified exclusively in the granule layer.

As a result, pyruvate dehydrogenase E1 component (Q88QZ5) was considered a po-

tential GAP and this will be explored further in the next chapter

Peptidoglycan-associated lipoprotein (P0A138)

Peptidoglycan-associated lipoprotein (P0A138) is part of the Tol-Pal system. It forms

a complex with four other members of this system which creates a network that links

the inner and outer membranes and the peptidoglycan layer. This complex is vital for

maintaining the integrity of the membrane. [131]. It has also recently been shown that

this system is critical for peptidoglycan-cleaving enzymes to complete bacterial cell di-

vision [132] P0A138 belongs to the pal lipoprotein family and is highly conserved, with

100% homology to over 30 members of the Pseudomonas family. Pfam shows that it has

one predicted domain, OmpA, on the C-terminal region of the protein.

From this description, it does not seem likely that P0A138 is a phasin protein, however
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it was identified as the 24th most abundant protein on the PHA granule in this experiment.

(Table 3.3) Secondly, it was identified in a granule isolation experiment by Tarazona et

al, [61]. Tarazona carried out three glycerol gradient isolations of the P. putida granule.

In all three samples, P0A138 was identified in the granule fraction, with a minimum of

three peptides. P0A138 was one of 78 proteins considered a putative granule-associated

protein, by Tarazona et al [61].

P0A138 has high expression in nitrogen limited conditions, ranked at the 57th most

abundant protein in nitrogen limited conditions. In comparison, it is ranked 1,004th most

abundant protein in nitrogen excess conditions. (Table 3.3) PONDR software predicts

that 53% of its sequence is disordered, a property it shares with two experimentally con-

firmed GAPs, PhaI and PhaF. (Table 3.3) Although P0A138 may seem an unusual phasin

candidate, it was decided to investigate how it interacts with the PHA granule further in

the next chapter of this thesis.

3.5.4 Further work

In the next chapter of this thesis, fluorescence microscopy was carried out on eYFP-

fusions of two of these proteins (pyruvate dehydrogenase E1 component (Q88QZ5) and

peptidoglycan-associated lipoprotein (P0A138)) to determine their subcellular localisa-

tion. This is an important validation step to support our hypothesis that they are GAPs.

Protein-protein interaction studies are also carried out on the two proteins. Given their

localisation on the PHA granule, we wanted to investigate if they also had physical links

to proteins involved in PHA metabolism.
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Chapter 4

The physical interactome of PHA

pathway proteins in Pseudomonas

putida KT2440

4.1 Abstract

Mapping the physical interactions of a protein helps understand the biology of that protein

by placing it in the context of the wider cellular network of interacting proteins and path-

ways. While there have been functional studies on individual PHA-related proteins, very

few protein interaction studies have been carried out, and little is known about if and how

these proteins interact with each other. Improved understanding of the nature and extent

of physical interactions among PHA pathway proteins and with proteins from other path-

ways, can give insight into how PHA production is linked in the metabolic architecture of

a P. putida cell.

Here, we carried out a two-phase physical interaction study, focused on proteins di-

rectly encoded in the pha locus, or implicated in PHA biosynthesis by other studies.

Since no suitable antibodies were available for affinity purification for PHA pathway pro-

teins, I implemented a fusion protein strategy, fusing enhanced yellow fluorescent protein

(eYFP) to the C-terminal of five proteins that were known to be involved in PHA produc-



tion: Crc global regulator (Q88C91), PhaI (Q88D20), PhaD (Q88D22), PhaZ (Q88D24)

and PhaC1 (Q88D25). Fusion proteins were subjected to affinity purification mass spec-

trometry (APMS) to identify potential interactors. I constructed a database of the results,

supplemented with information describing the bait and prey proteins. Only one previously

identified interaction between PHA pathway components was observed: PhaI and PhaF,

an interaction that agrees with the work of earlier researchers. 79 potential interactions

were observed with statistical significance and evaluated using additional informatic cri-

teria.

Three proteins identified as potential interators with PHA pathway components were

selected for further validation studies: pyruvate dehydrogenase subunit E1 (Q88QZ5),

putative lipoprotein (Q88F99) and peptidoglycan-associated lipoprotein (P0A138). Re-

verse pulldown and microscopy studies were used to validate protein interactions and

confirm subcellular localisation. The interaction of peptidoglycan-associated lipoprotein

(P0A138) and phasin PhaF was confirmed through reverse pulldown studies and the lo-

calisation of peptidoglycan-associated lipoprotein (P0A138) to the PHA granule in vivo.

We also investigated the interaction between pyruvate dehydrogenase E1 subunit and

the two phasins of P. putida PhaI and PhaF. We confirmed that pyruvate dehydrogenase

E1 subunit localises in vivo to the PHA granule. The finding that pyruvate dehydrogenase

E1 subunits interacts with phasin proteins reveals a potential link between PHA granule

production during stress conditions and central metabolism.

4.2 Introduction

Mapping the physical interactions of a protein can give insight into what networks the

protein interacts with, which in turn can highlight pathways that the protein may function

in and how it carries out its functions. This is particularly valuable in cases where knowl-

edge about a protein is limited. Although the enzymology of PHA biosynthesis and PHA
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granule production in P. putida is well studied due to its industrial importance (Chap-

ter 1, section 1.2.2), the physical interactions and regulation of the pathway are poorly

understood.

4.2.1 Investigating physical protein interactions

There are many methods available for the analysis of protein-protein interactions (Table

4.1). These can be broken down into three broad application areas:

a) Detection of PPIs: High-throughput techniques, such as the Yeast-Two hybrid system,

or affinity purification coupled with mass spectrometry can be used to detect novel PPIs

(described below). These approaches are useful for ‘screening’ potential interactors, but

further validation using independent approaches is required. [133]

b) Validation of PPIs: Microscopy techniques are often used to validate PPIs in vivo which

were detected using in vitro methods. Methods such as Forster resonance energy transfer

(FRET) or fluorescence correlation microscopy can be used to directly observed where

proteins interact on a subcellular level.

c) Absolute quantification of PPIs: To assess the specific characteristics of a PPI, such

as the binding affinity or changes in protein conformation upon binding, in vitro methods

are usually applied. A range of biophysical methods such as surface plasmon resonance

(SPR) can be used to measure the binding kinetics of pairs of proteins already known to

interact. [134] [135]

Therefore, the most suitable method to investigate physical protein interactions is depen-

dent on the objective of the experiment. Factors such as the number of proteins under

investigation, the nature of the PPI (transient, stable), physiological factors (e.g adapted

methods are needed for membrane proteins), cost, the organism or cell type involved,

need to be considered.
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Table 4.1: Comparison of protein-protein interaction methods . [134] [135]

Technique Advantage Disadvantage
Quantitative description of PPI
Affinity purification Unbiased detection of PPIs Fusion proteins must be created

Co-immunoprecipitation
Unbiased detection of PPIs
under physiological conditions. Requires high quality antibody

Two hybrid assay High throughput Required validation
Protein arrays High throughput Purified sample required
Detecting PPI intracellularly
Forster resonance energy transfer High specificity, in vivo Time-consuming
Bimolecular fluorescence
complementation Can detect transient PPIs

Low throughput,
prone to false positives

Relative quantification of PPI
Two-dimensional polyacrylamide
gel electrophoresis Cheap, compatible with MS Low throughput

Atomic force microscopy Sensitive, atomic resolution Requires purified protein
Label free quantification of PPI

Isothermal titration calorimetry Provides thermo-dynamic parameters
Long preparation time,
low throughput

Circular dichroism Label free detection, quick assay
High sample consumption,
low structural resolution,
low throughput

Surface plasmon resonance
Label-free,
real-time kinetic measurement

High sample consumption,
surface immmobilisation
can affect binding

Nuclear magnetic resonance High structural resolution
High sample consumption,
complex analysis

Fluorescence polarization High dynamic range expensive infrastructure

Table 4.1 outlines a number of different approaches which are used to investigate the

physical interactions of proteins in order to better understand the biological pathways in

which they operate. In this chapter, we were seeking to map the physical interactions

of proteins involved in PHA production in P. putida. We therefore wanted to employ a

method of investigating PPIs that could detect previously unknown protein interactors.

Co-immunoprecipitation is an affinity purification approach that involves the use of

an antibody to pull down (‘precipitate’) the protein of interest and its interacting partners.

The level of stringency of the various washing steps in the procedure can be adjusted

by varying the amount of salt and/or detergent in the buffers. Since these reagents will

disrupt the electrostatic and hydrophobic interactions that contribute to physical protein

binding, increasing the concentration of salt and/or detergent in the washing steps will

preferentially disrupt weak protein interactions. In practice, wash buffer conditions that
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approximate intracellular salt concentrations are generally used. [136]

Immunoprecipitation can be superior to affinity purification using fusion proteins incor-

porating affinity tags (see below) because the expression levels of the protein are not

disrupted by overexpression of a heterologous gene, therefore the immunoprecipitation

more accurately reflects the native cellular environoment. However, a major limit of the

immunoprecipation technique is that it requires high quality antibody reagents, and these

are rarely available for prokaryotic targets. [137]

If high quality antibodies are unavailable, using an affinity tag protein is an attractive

alternative. This involves attaching a ‘tag’ to a protein of interest, which can be used to

pull down the protein of interest and its interactors. Critical to carrying out a successful

affinity tag experiment is selecting an appropriate tag. (Table 4.2) Fusion tags vary from

small peptides, such as the His tag which is usually just six amino acids long, to full

length proteins, such as GFP which is approxmiatly 27kDa.

Table 4.2: Peptide, protein and dual affinity tags commonly used for APMS studies
[138], [136]

Affinity Tag Description
Size
(approx) Purification strategy Notes

FLAG Peptide (DYKDDDDK) 1 kDa
FLAG antibody (e.g. M2)
conjugated to beads Unlikely to disrupt structure

GFP and GFP variants
Aequoria victoria protein
and its variants 27 kDa

GFP antibody conjugated to beads
(e.g. GFP-Trap)

Tag is useful for validation studies
(e.g confocal microscopy)

Glutathione-S-transferase
(GST) Enzyme 26 kDa Glutathione-coated beads

Hydrophobic/large proteins can form
aggregates when tagged with GST

Haemagglutinin (HA) Peptide (YPYDVPDYA) 1 kDa HA antibody conjugated to beads
Small size:
less likely to disrupt structure/
interfere with function of target protein

Hexahistidine 6xHis Peptide (HHHHHH) 1 kDa Ni sepharose

Small size:
less likely to disrupt structure/
interfere with function of target protein
can have high background

StrepTagII Peptide (WSHPQFEK) 1 kDa
StrepTactin(engineered streptavidin)
coated beads Elution under mild conditions

Tandem affinity purification
(TAP)

Protein A-TEV-Calmodulin
binding peptide (CBP) 21 kDa

IgG-conjugated to protein A beads and
calmodulin conjugated to beads

Dual affinity tag

Other methods for detecting protein interactions include the yeast two-hybrid (Y2H)

system. This is distinct from APMS in that generally a pair of proteins that are hypoth-

esized to interact are tested. In the case of Y2H, the candidate proteins are expressed as

fusion that if combined initiate a genetic circuit can be readily measured, for instance the

interaction of two proteins reconstitiutes an active transcription factor and enables yeast
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growth.

In this chapter we used an affinity tag strategy to map the physical interactions of pro-

teins involved in PHA production in P. putida. (Figure 4.1) Since there were no antibodies

available for the proteins we were interested in, we used a green fluorescent protein (GFP)

variant, enhanced yellow fluorescent proteins (eYFP), derived from Aequoria victoria to

tag the proteins. eYFP has previously been used in affinity purification experiments to

pull down interacting partners. [139] [140] Using eYFP as a tag is also useful as it can

also be used in validation experiments, to confirm subcellular localisation using confocal

microscopy (section 4.2.2).
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Figure 4.1: Overview of experimental approach to identify potential interactors of
PHA-related proteins Proteins involved in PHA production in P. putida were tagged
with a fluorescent tag (eYFP). These tagged proteins were used as bait to ‘pull down’
the physical interactors of the protein, using affinity purification. Mass spectrometry was
used to identify the prey proteins that remained bound to the bait. Potential interactors
were identified by comparing proteins in prey pulldowns to proteins identified in a neg-
ative control (eYFP only). These potential interactors were validated by microscopy and
reverse pulldown studies.
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Following an immunoprecipitation (or affinity tag fusion protein) experiment, mass

spectrometry is typically used to identify the ‘prey’ proteins that remain bound to the

‘bait’s. Since modern mass spectrometry is highly sensitive, capable of identifying thou-

sands of proteins, or hundreds of thousands of peptide molecules in a 60 minute ex-

periment the discrimination of true and false positives in APMS experiments can be a

major challenge. Some false positives, or background proteins are always copurified in

an APMS experiment. Background proteins can be, for example, proteins that bind non-

specifically to the antibody, the tag or the solid matrix.

These background contaminants can be discriminated from potential interactors using two

main strategies: a) removal of contaminants during the experiment, so that the samples

sent for MS is as pure as possible and b) postanalysis subtraction of contaminants using

statistical and computational procedures. In the first strategy, contaminating proteins can

be removed from the sample before mass spectrometry by stringent washing steps, which

helps reduce background proteins. However, increasing the stringency can lead to bone

fide interactions being lost. Although this method of stringent washing steps can reduce

background, it will not eliminate all non-specific interactors. Hence, other strategies must

be used in combination with this approach.

The second strategy involves identifying background proteins after MS analysis. Typi-

cally, a negative control is used to distinguish background proteins from true interactors.

The tag itself, such as GFP, is recommended to be used [141]. This is not expected to have

any specific interactions with proteins in the host organism, and any proteins detected are

likely background proteins.

We use ‘label free quantitation’ (more correctly protein relative abundance as determined

by the relative intensity of the mass spectral signals) to statistically assess each protein

identified. The relative abundance of each protein detected in the ‘prey’ pulldown is com-

pared to the relative abundance of the protein in the negative control pulldown. Statistical

analysis is carried out to determine what proteins are significantly enriched in the prey

pulldown compared to the negative control. Proteins not enriched are considered back-

ground proteins.
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One drawback of APMS is that transient interactors, or interactions which are depen-

dent on a specific cellular environment, are often of lower affinity than long term ‘stable’

interactions can be lost during the wash steps. For example, the protein components

of oligomeric complexes such as the proteasome or ribosome can be considered stable,

while interactions between proteins in biochemical pathways may associate and dissoci-

ate within milliseconds. Chemical cross-linking can be coupled to AP-MS, to ‘freeze’

protein-protein interactions, using covalent bonding. This acts to stabilise them, to ensure

they are not lost during the purification process. Formaldehyde is one of the most popular

chemical used for cross-linking. However, the analysis of cross-linked data is much more

complex that analysis of APMS data given the much higher potential number of peptide

side-products, including dead end crosslinks, and both intra and interpeptide crosslink-

ing. [137]

4.2.2 Validation of potential interactors

Potential interactors identified through affinity purification mass spectrometry are typi-

cally validated using an independent experimental approach. This is to ensure the prey

proteins detected are high confidence interactors, and eliminate any false positives. Ap-

proaches used to investigate protein protein interactions (Table 4.1) can be used to validate

detected protein protein interactions.

In this chapter, we implemented a reverse pulldown strategy to confirm candidate

protein-protein interactions detected by us for PHA-related proteins. This approach in-

volves tagging an identified prey protein and carrying out APMS. Reverse pulldown is

based on the principle that if protein X interacts with protein Y, then when protein Y is

pulled down, X should also be identified. [135] [142]

Another approach to validate protein-protein interactions is to confirm co-localisation.
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This is based on the assumption that if proteins interact with each other, they will be co-

localised and display similar distribution patterns throughout the cell [135]. The proteins

of interest are tagged with different fluorophores, fixed, and the fluorescence monitored

under a confocal microscopy. If fluorescence detected from the two fluorophores overlaps,

then the two proteins are considered to be colocalised. In order to confirm the protein in-

teractions detected in our APMS experiments, we used confocal microscopy to confirm

that potential protein interactors with phasin proteins were co-localised to the PHA gran-

ule.

4.3 Materials and Methods

4.3.1 Growth conditions

For long storage, strains were grown in Lysogeny Broth (LB) overnight (approximately

16 h), after which glycerol was added to a final concentration of 25% glycerol (v/v) and

stored at -80◦ C. Fresh cells were obtained by streaking glycerol stored culture on LB

agar plate with kanamycin (50ug/ml) if required. The wild-type P. putida strains used for

electroporations were grown overnight (approximately 16 h) in 5 ml of LB placed in 50

ml tubes at 37◦ C with shaking at 200 rpm.

For the growth of P. putida strains expressing the genes tagged with eYFP, Nitro-

gen limited MSM medium was used. In brief, Minimal Salts Medium (MSM) contained

per litre 9 g Na3 PO4 12H2O, 1.5 g KH2 PO4 and 0.1 g NH4 Cl (nitrogen (N)-limitation;

MSM lim ), 1 mL MgSO47H2O (1 M stock solution; added after autoclaving) and 1

mL trace elements (per litre: 4 g ZnSO4 7H2O; 1 g MnCl4 H2O; 0.2 g Na2B4O7 10H2O;

0.3 g NiCl2 6H2O; 1 g Na2MoO42H2O; 1 g CuCl2 H2O; 7.6 g FeSO4 7H2O; added af-

ter autoclaving). After autoclaving, the medium was supplemented with 0.4% glucose

as a carbon source and kanamycin (50ug/ml). All chemicals were supplied from Sigma,

unless otherwise stated.
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4.3.2 Electroporation

Electrocompetent cells of P. putida were prepared according to the method as previously

described by Choi et al, [143] . Briefly, P. putida KT2440 cells were harvested from 6ml

of overnight culture (LB) by spinning at 5000 rpm, 4◦ C for 5 minutes (benchtop 5430R

centrifuge; Eppendorf, Germany). Cell pellets were washed twice with 5 ml of sterile

300mM sucrose at room temperature and finally resuspended in 100 ul of 300 mM su-

crose. The competent cells were placed on ice and used immediately for electroporation.

100ul of electrocompetent cells was mixed with 75ng of plasmids and transferred to a

prechilled 2 mm gap width electroporation cuvette. Cells were electroporated using a

Eppendorf Electroporator 2510 at 1.8kV, then immediately transferred into 1ml Super

Optimal Broth (SOC) broth and incubated at 30C, 200rpm for 2 hours. Cells were then

harvested by centrifuging at 5,000rpm for 1 minute. 900ul of the supernatant was dis-

carded. The cells were then resuspended in the residual media and spread on an LB

Kanamycin plate. Plates were incubated at 30◦C until colonies appeared, usually after

approximately 24 hours.

4.3.3 Plasmids

The expression plasmid pBB’Tmcs was used to express fused proteins. [144] (Figure 4.2)
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Figure 4.2: pBB’T eYFP Plasmid for expression of eYFP tagged constructs

4.3.4 GFP pulldowns

Cultures expressing eYFP constructs were harvested after 24 hours. These were then pel-

leted and lysed on ice using a protein extraction reagent, Bugbuster, supplemented with

cOmplete Mini protease inhibitors (Sigma). Lysis was carried out for 30 minutes, with

samples pipetted vigorously every 10 minutes. Cell lysate was centrifuged at 17,000xg

for 10 mins at 4◦C. 300ul of supernatant was transferred into a fresh pre-cooled tube and

300ul of dilution buffer was added (10mM Tris pH 8, 150mM NaCl, protease inhibitors).

At this stage, 50ul of lysate was saved for gel analysis.
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In order to equilibrate the beads, 25ul of bead slurry was resuspended in 500ul of ice-cold

wash buffer by pipetting. They were then centrifuged at 2,500 rcf for 2 minutes at 4◦C.

The supernatant was discarded and this resuspension step was repeated once. To bind

the proteins, the diluted lysated was added to the equilibrated GFP-Trap Agarose beads.

These were left to tumble end-over-end for 1 hour at 4◦C, then centrifuge at 2,500rcf for

2 minutes at 4◦C. At this stage, 50ul of the supernatant was taken for SDS-PAGE analy-

sis, as the flowthrough. The remaining supernatant was discarded. The beads were then

washed to remove any background. GFP-Trap Agarose beads were resuspended in 500ul

of ice cold wash buffer, and pipetted up and down several times. They were then cen-

trifuged at 2,500 rcf for 2 minutes at 4◦C. The supernatant was discarded and the wash

step was repeated a further three times. After the last wash, the beads were transferred to

a fresh Lo-Bind tube.

At this stage, a further 50ul was taken for SDS-PAGE analysis. Beads were centrifuged

and the remaining supernatant discarded. 25ul of elution buffer (50mM TrisHCl pH 7.5,

2M Urea, 5ug/ml Trypsin Singles, DTT) was added to the beads, which were then incu-

bated in a thermomixer at 30◦C, 400rpm for 30 minutes. After incubation the beads were

spun down, and the supernatant transferred to a fresh tube. Beads were then resuspended

in 50ul Elution Buffer II. (50mM Tris HCl, pH7.5, 2M Urea, 5mM IAA), centrifuged

for 2 minutes and the supernatent combined with the supernatant from the previous step.

This step was repeated once. The digest was then incubated overnight at 400rpm, 32◦C,

covered from light. The reaction was stopped by adding 3ul of formic acid, to lower the

pH.

4.3.5 SDS-PAGE

Collected pulldown samples were resolved according to molecular weight by sodium do-

decyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Samples prepared for

western blotting (WB) were run on 12% home-made gels (prepared according to the Bio-

Rad recipe). Samples were mixed with an equal volume of SDS sample loading dye. Sam-

ples were then boiled at 95◦C for 5 min and cooled. Samples were centrifuged briefly,
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for 1 minute at 5,000rpm to collect the beads at the bottom. 5 ul of PageRuler prestained

protein ladder (Thermo) was loaded, followed by the appropriate volume of sample. Gels

were run at 120V constant for approximately 1 h.

After separation, the gels were either transferred on PVDF membrane for western blot

(next section) or stained for visualisation. Gels were placed in a small container and cov-

ered with Coomassie stain (50% methanol, 10% acetic acid, 1.25g/L Coomassie blue,

40% distilled water) and rocked gently for 1 hour at room temperature, until bands were

visible. They were then transferred to a clean container and left rocking in distilled water

overnight.

4.3.6 Western Blot

Proteins separated by SDS-PAGE were transferred onto PVDF membranes (0.45µSm;

Thermo) using a Mini Trans-Blot Cell apparatus (Bio-Rad) and cold home-made 1X

transfer buffer with 20% methanol.

Membranes were pre-soaked in pre-chilled transfer buffer prior to being sandwiched on

top of the gels with Whatmann 3MM (Sigma) paper and sponge in transfer-blotting cas-

settes. Transfer cassettes were placed into the Mini Trans-Blot Cell apparatus which

contained a frozen ice pack and chilled transfer buffer. Transfer of proteins from the gel

to the PVDF membranes was carried out at 4◦C, with 100V constant for 1 hour.

Following transfer, membranes were blocked in blocking buffer (0.1% PBS-T: PBS with

0.1% Tween20; containing 5% skim fat milk) (Sigma) for 1 hour at room temperature.

After blocking, membranes were washed three times in TSB-Tween 0.1%, for 10 minutes

each time. It was then incubated with the primary antibody overnight, at 4◦C. Before in-

cubation with the secondary antibody (SA5-35571, Thermo), the membrane was washed

again three times in TBS-Tween 0.1%, 10 minutes each time. Since the secondary anti-

body was light-sensitive, incubation was carried out for 1 hour in a clean, 50ml greiner,

covered in tin foil. Wash steps were repeated as before, with the addition of a final wash

of TBS only, to remove Tween.

The membrane was then developed using the LI-COR Odyssey Imaging system. Fluores-
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cence in the 800nm channel was measured to detect the secondary antibody.

4.3.7 HPLC and Mass Spectrometry

The samples were analyzed by the Mass Spectrometry Resource (MSR) in the Conway

Institute, University College Dublin on a Thermo Scientific Q Exactive mass spectrometer

connected to a Dionex Ultimate 3000 (RSLCnano) chromatography system. Peptides

were separated on C18 home-made column (C18RP Reprosil-Pur, 100mm x 0.075 mm

x 3 um, Dr. Maisch, Germany ) over 58 min at a flow rate of 250 nL/min with a linear

gradient of increasing buffer B from 1% to 27%. The buffers used in the gradient were

buffer A (0.5% acetic acid) and buffer B (97.5% acetonitrile, 0.5% acetic acid). The mass

spectrometer was operated in data dependent mode; a high resolution (70,000) MS scan

(350-1600 m/z) was performed to select the twelve most intense ions with an automatic

gain control (AGC) target of 3e6 and an injection time of 60 ms and fragmented using

high energy C-trap dissociation for MS/MS analysis. The MS2 was conducted with a

resolution of 17,500, an AGC target of 5e4 with an injection time of 250ms.

4.3.8 Analysis of raw mass spectra using MaxQuant

Raw data from the Orbitrap Q-Exactive was processed using MaxQuant version 1.6.17

[85], which incorporates the Andromeda search engine. Most parameters were kept to

a default setting in MaxQuant, with a False Discovery Rate (FDR) of 1 % on both the

protein and peptide level. Tryptic specificity was set to allow a maximum of two missed

cleavages. Carbamidomethyl (C) was set as the only fixed modification, and acetylation

of the protein N-terminal and oxidation(M) were set as variable modifications. Spectra

were matched to the P. putida database, which was downloaded from Uniprot in FASTA

format (01.06.2021).
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4.3.9 Perseus Software

MaxQuant raw file was statistically analysed by Perseus (version 1.6.15.0). [86] The

label-free quantitation (LFQ) intensities in the “proteinGroups.txt” files were analysed,

with the following categories being retained for this analysis: Protein IDs; Unique Pep-

tides, Majority protein ID; Protein names; Sequence coverage [%], Identified only by

site; Reverse; Contaminant; Mol. Weight[kDa]. This dataset was then filtered to get rid

of any contaminants and possible false identification, by removing proteins identified by

the following parameters: Only identified by site (i.e. only identified by a modification

site); Reverse (i.e. only identified in reversed part of decoy database); and Contaminant

(protein is known as contaminant, e.g. keratin).

LFQ intensities were then log2-transformed, as this revealed LFQ intensities of zero (as

zero cannot be log-transformed), by replacing them with “NaN” (not a number). Follow-

ing, rows were categorically annotated in order to group replicates into their particular

sets (i.e pulldown replicated). Missing values (NaN cells) were switched by valid val-

ues using Perseus’ imputation function. Since the presence of zeros prevents statistical

analysis of data, imputing missing values are required for statistical analysis to occur. Pa-

rameters that used for imputing missing values were as the following: width 0.3; down

shift 1.8; mode “Separately for each column”.

To compare between the prey pulldown and the control pulldown and define which pro-

teins were significantly enriched in the prey pulldown, Two-sample t-tests were used. Pa-

rameters were used for t-test as the following: false discovery rate (FDR) of 0.05 (i.e. 5%

rate of error) and the “artificial within group variance” (S0) was set to 0.1 (this controls

the importance of the t-test p-value and the difference between the means of compared

groups/values of groups; at S0 = 0 only the p-value matters, whereas anything > 0 means

that the difference in the means also matters).

Volcano plots were generated from the two samples t-tests data using GraphPad Prism

Version 8.1.2 for Windows, GraphPad Software, La Jolla California USA.
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4.3.10 Confocal Microscopy

Cells expressing eYFP-tagged proteins were grown in nitrogen limited media, as detailed

above, section 3.3.1 for 24 hours. 1ml of culture was taken from the flask, and added to

an Eppendorf tube.

The cultures were left in the dark for 45 minutes to stain. Cultures were then washed

in phosphate buffered saline (PBS) twice. Cultures were fixed using 10% neutral buffered

formalin (NBF) for 10 minutes.

The cultures were stained by mixing the culture with 0.1 volume of a Nile red solution

containing 0.1 ug/ml of Nile red dissolved in acetone. The microscope slides were pre-

pared by adding 10ul of stained, fixed culture to the slide and adding 10ul of Mowiol

mounting medium on top. A cover slide was added and the slides were left to solidy

overnight.

The Mowiol mounting medium was prepared by dissolving 2.4g Mowiol 4-88 (Millipore)

into 6g of glycerol and 6ml of water, and incubated, with stirring, for 4-5 hours at room

temperature. Then, 12ml of 0.2M Tris-Cl (pH 8.5) was added to the solution, heated to

50◦C for 10 minutes, with mixing every minute. The solution was clarified by aliquotting

1ml into Eppendorf tubes and centrifuging for 15 minutes at 10,000 rpm.

Microscopy images were captured by Dr.Dimitri Scholz, Conway Imaging Core. PHA

granules and eYFP-fused proteins were visualised using a confocal lazer scanning micro-

scope, Zeiss LSM 800 Airy microscope. Images were acquired using an 63X objective in

Airyscan mode. For eYFP detection, the wavelength was set to 490-550nm. For Nile red

detection, the detection wavelength applied was 575-7000nm.

The display of each image was adjusted using the best fit feature, so that features could

be seen clearly. Zoom was used to focus on one individual cell at a time. A scale bar was

inserted, showing the length of each cell. These images were then exported in the form of

.jpeg.
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4.4 Results

Two APMS screens were carried out in this chapter: a primary screen in which proteins

involved in PHA production were studied: PhaZ, PhaD, PhaI, PhaC1 and cdc. A database

was created of all PPIs identified and this data was analysed to identify protein interactions

of interest. A secondary screen was then carried out to validate three proteins identified

as potential interactors with PHA pathway proteins in the primary screen: pyruvate de-

hyodrogenase subunit E1 (Q88QZ5), putative lipoprotein (Q88F99) and Peptidoglycan-

associated lipoprotein (P0A138). In the secondary screen, ‘prey’ proteins from the pri-

mary screen were fused with eYFP and used as the ‘bait’ in APMS experiments. If the in-

teraction detected in the primary screen is a true interaction, PHA-related proteins should

be identified as prey proteins in the reverse pulldowns.

Confocal microscopy was also implemented to investigate whether co-localisation of in-

teractors to the PHA granule. Figure 4.3 shows a flow chart of the approach used to detect

and validate PPIs.

140



Figure 4.3: Strategy for identifying and validating PPIs in P. putida using an APMS
stategy An APMS strategy was employed to detect PPIs in PHA-related proteins fused
with eYFP. Potential interactors were statistically analysed and three proteins selected for
validation studies. Reverse pulldowns and confocal microscopy were used to validate
PPIs and confirm localisation to the PHA granule.

4.4.1 Expression of eYFP tagged proteins

A fusion protein strategy was implemented in APMS experiments, introducing enhanced

yellow fluorescent protein (eYFP) to the C-terminal of ‘bait proteins’. Each fusion protein
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was used as a ‘bait’ to isolate its interactors (‘prey proteins’)

Proteins were tagged with a small fluorescent tag; enhanced yellow fluorescent pro-

tein (eYFP). This yellow-green variant of the Aequorea victoria green fluorescent protein

(GFP) was selected as the tag of choice for a number of reasons. It has previously been

used by Narancic et al, as a tag when expressing two known pha granule associated pro-

teins in Rhodospirillum rubrum, a PHB- producing bacteria. [107]. In this Narancic study,

the addition of this eYFP tag did not affect the subcellular localisation of the tagged pro-

tein. Narancic used confocal microscopy to confirm known phasins proteins tagged with

eYFP localised to the PHA granule. This is important because if the tag interfered with

subcellular localisation, any protein-protein interactions identified might potentially be

artefactual.

Secondly, there are commercial antibodies available that are specific to eYFP, which is

useful because a western blot could be carried out to determine if the constructs were

expressing at the expected size.

eYFP is also compatible with purification strategies that use an anti-GFP antibody conju-

gated to beads to isolate fluorescently tagged proteins and their interactors. GFP antibody

conjugated to beads are affinity reagents that can capture proteins with eYFP fusions.

Finally, the fluorescence of eYFP makes this tag useful in validation studies. For instance,

confocal microscopy can be used to determine the subcellular localisation of the protein.

It was decided to incorporate the eYFP tag onto the C-terminal of the proteins. C-

terminal tags have been shown to be less likely to interfere with the correct subcellular

localisation of the protein from this position, rather that the N-terminal [145]. This is be-

cause many proteins have N-terminal localization signals, and the addition of a tag could

bury this signal. Also, in the two known phasins of P. putida, PhaF and PhaI, the PHA

binding domain is at the N-terminus [62].

In order to express these proteins with an eYFP tag, their gene sequences needed to
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be cloned into an expression vector, along with eYFP. The expression vector pBT’Tmcs

was chosen for this, which is shown in Figure 4.2. [144] It had previously been used by

Narancic et al, for eYFP expression in Rhodospirillum rubrum [107]. This plasmid has

a pBBR1 origin of replication, which is suitable for expression in P. putida. It also con-

fers kanamycin resistance to the cell, allowing for selection of positive clones. Fragments

were inserted so that they were under the control of the pTac promotor, which allows for

constitutive expression of the gene. Hence, no genetic induction was required.

Sequences for the proteins of interest were obtained from the Pseudomonas putida

KT2440 proteome Uniprot database. A linker sequence was attached to this genome se-

quence on the C-terminal, acting as a bridge between the gene sequence and the eYFP

sequence, as shown in Figure 4.4. This linker sequence adds some flexibility between the

protein and the tag, making it less likely that the tag would interfere with native protein

interactions. The linker sequence codes for four glycines and one serine, and was added in

duplicate. This particular sequence has been shown to increase stability and folding [146].
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Figure 4.4: Structure of inserts for expression of fusion proteins A linker sequence
was added to the C-terminal of a gene of interest (GOI), followed by the gene sequence
for eYFP.

The eYFP sequence and the linker sequence was optimised for P. putida codon usage

by hand, using the codon usage table from Kazura. [147] Sequence optimisation involves

altering the codon usage of a gene sequence so it reflects the codon usage in the host more

closely, without changing the amino acid code. Avoiding rarely used codons can improve

expression in the host cell [148]. Figure 4.5 displays the alterations to the original eYFP

sequence.
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Figure 4.5: Codon optimised eYFP gene sequence for expression in P. putida Codons
were altered to reflect more closely the usage in the host organism. Image was generated
from the mviiew website (https://www.ebi.ac.uk/Tools/msa/mview/)

The full DNA sequences encoding each bait-eYFP protein, which contained the gene

sequence of interest, a linker sequence and the eYFP tag, were inserted into the pBT’Tmcs

expression plasmid. (Figure 4.2) All cloning and synthesis steps were carried out by Ge-

newiz, Azenta Life Sciences. For clones in the primary screen, a restriction digest ap-

proach was used to insert the eYFP-tagged gene into the pBT’Tmcs plasmid. For clones

in the secondary screen, the pBT’Tmcs eYFP vector had already been constructed for

the previous screen, so genes were inserted into the pBT’Tmcs eYFP vector using re-

combination so that the linker sequence and the eYFP gene were on the C-terminal. The

synthesis of each clone is summarised for each construct in Table 4.3. In order to ver-

ify that constructs were correct, a restriction analysis was carried out for each plasmid.

Restriction analysis showed all nine plasmids have inserts of the correct size. These are

shown in the Supplementary information section of this thesis (Appendix B.1).
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Table 4.3: Cloning Strategy for eYFP fusion proteins. For plasmids synthesized in the
primary screen, gene sequences and the eYFP sequence were inserted into the pBT’Tmcs
vector. The pBT’T eYFP plasmid synthesized in the primary screen was used as the
backbone for the secondary screen

Final Construct Cloning Vector Antibiotic Selection Insert Length Cloning Stategy
eYFP pBT’Tmcs Kanamycin 732 5’ KpnI and 3’ EcoRI
PhaZ eYFP pBT’Tmcs Kanamycin 1608 5’ KpnI and 3’ EcoRI
PhaD eYFP pBT’Tmcs Kanamycin 1371 5’ KpnI and 3’ EcoRI
PhaI eYFP pBT’Tmcs Kanamycin 1176 5’ KpnI and 3’ EcoRI
PhaC1 eYFP pBT’Tmcs Kanamycin 2436 5’ KpnI and 3’ XbaI
cdc eYFP pBT’Tmcs Kanamycin 1536 5’ KpnI and 3’ EcoRI
P0A138 eYFP pBT’T eYFP Kanamycin 540 By Recombination
Q88QZ5 eYFP pBT’T eYFP Kanamycin 2685 By Recombination
Q88F99 eYFP pBT’T eYFP Kanamycin 396 By Recombination

4.4.1.1 Growth conditions of clones

Plasmids containing the fusion protein constructs were electroporated into electrocom-

petant P. putida cells. Positive colonies were selected from an LB kanamycin plate after

24 hours of growth, and transferred to an overnight culture containing 5ml of LB media

and kanamycin. These overnight cultures were then used to inoculate nitrogen limited

minimal media with kanamycin. All growths were carried out in biological triplicate, for

24 hours, at 30◦C.

To determine if the fusion proteins were expressing correctly, a 2ml sample of each of the

fused-protein cultures was taken and analysed by western blot. An anti-eYFP antibody

produced in rabbit was used as the primary antibody.

Figure 4.6 shows the western blot image captured for five eYFP fusion proteins. Each

fused protein was expressing at the expected size.

PhaI (Q88D20) and PhaD (Q88D22) also showed a second band at around 27kDa. This

may be due to general proteolysis during sample preparation. However, this seems un-

likely, since discrete bands separated by a small mass (less than 5KDa) were observed, as

opposed to smearing characteristic of exopeptidases.

Another explanation involves a specific proteolysis event, although if this were the case,

it did not result in cleavage of the eYFP portion from the rest of the protein, since the
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western blot signal remained. Other explanations are the presence of alternative forms of

the proteins arising from alternative mRNA splicing (rare in bacteria).

Regardless of this second band, the western blot did clearly show that tagged proteins

of the expected sizes were being expressed in the cell.

Figure 4.6: Analysis of P. putida cells expressing eYFP-tagged proteins. Extracts
were prepared from cells grown for 24 hours in nitrogen limited minimal media, with
kanamycin. (A) Western blot showing the expression of eYFP-tagged constructs from P.
putida cell lysate. (B) Table shows expressed constructs and their expected sizes.
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4.4.2 Affinity Purification Mass Spectrometry of eYFP-tagged PHA

pathway proteins

Strains expressing the tagged constructs were grown in biological triplicate, in PHA ac-

cumulating conditions (nitrogen limited conditions) and harvested after 24 hours when

PHA would be accumulating. Cultures were then subjected to affinity purification using

anti-eYFP beads to isolate the bait proteins and its interactors. (Figure 4.7) Samples were

incubated with anti-GFP nanobodies coupled to agarose beads. eYFP-tagged proteins

bound to these beads tightly. They were then subjected to a number of washes to remove

non-interacting proteins. The aim of these washes is to remove non-specific interactors

and leave only the protein of interest and its interacting partners. However, there is a

fine balance between removing non-specific interactors and stripping the protein of true

interacting partners. In these experiments, we wanted to minimise the number of true

partners excluded, so the wash steps had a relatively low level of stringency. The wash

buffer contained 150mM NaCl and 10mM Tris pH 8.

An on-bead digest was carried out to extract interacting partners and the prey protein

from the beads. In this approach, trypsin digestion is performed directly on the affin-

ity bound complex on the agarose beads, and the resulting peptides subjected to LCMS

analysis. On-bead digestion circumvents the use of detergents and reduces the number

of steps required before samples are ran on the LCMS, thereby decreasing sample loss.

(Figure 4.7)

148



Figure 4.7: Experimental overview of APMS for eYFP tagged proteins

To identify non-specific binders, this pulldown protocol was also repeated using cells

expressing eYFP alone. This served as a negative control, allowing for background pro-

teins to be excluded from the tagged-protein pulldowns.

In order to test the pulldown protocol was working correctly, a pilot experiment was

carried out using the eYFP construct only. The proteins were denatured from the beads us-

ing SDS loading buffer, separated by SDS-PAGE and stained with Coomassie. As shown

in Figure 4.8, a prominant band at approximately 27kDa was observed in the pulldown

lane. This corresponded to the expected size for an eYFP construct. This was useful for

a number of reasons. It proved that the eYFP was successfully expressed and that the

affinity purification protocol was successful. Given this confidence, the pulldowns were

then carried out on the remaining constructs.
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Figure 4.8: Protein profile of affinity purified control construct (expressing eYFP
only) Samples taken at various points throughout the pulldown were run out on an SDS-
PAGE gel and stained with Coomassie Blue. Lane 1: whole cell lysate before IP. Lane 2:
flowthrough from proteins not bound to the beads. Lane 3: proteins bound to the anti-GFP
nanobodies. Prominant band was observed at approxmiately 27kDa, corresponding to the
molecular mass of eYFP, proving eYFP was binding to the anti-GFP beads.

4.4.3 Primary screen: APMS of proteins involved in PHA production

In the primary screen, APMS was carried out on five proteins known to be involved in

PHA production: PhaC1, PhaZ, PhaI, PhaD and crc.

4.4.3.1 Proteomic Analysis

In total, 512 proteins were identified across all pulldowns in the primary screen. This was

reduced to 473 proteins after filtering out potential contaminants and proteins only iden-

tified by site. Potential contaminants refer to a list of proteins, available in the MaxQuant
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database, which typically turn up in mass spectrometry runs but which are not of interest

in the study. These include for example keratin, from human skin which is usually found

in mass spectrometry samples, as a result of contamination during preparation steps. In

this study, potential contaminants were excluded from the protein identification list as

only proteins from the P. putida database were considered of interest. Proteins only iden-

tified by site were also excluded. These refer to proteins which only have peptides which

have been modified identified. Peptides identified in this manner are often less reliable,

so proteins only containing these peptides were filtered out.

Label-free quantitation (LFQ) intensity values were used to compare intensity be-

tween samples. These are mass spectrometry signal intensity values, derived from the

MS1 parent ion signal, which have been normalised by MaxQuant, to reflect the ratio

changes between each sample. [92] The LFQ intensity for each protein was log trans-

formed, to allow for statistical tests to be carried out that require normally distributed

data.

Imputation was carried out to replace missing values. These are typically low abun-

dance proteins that are at the level of experimental noise or below and are below the limit

of detection of the MS. This missing data could skew statistical analysis. To circumvent

this, missing values were replaced with a computer generated value selected to reflect the

normal distribution. Settings were kept as default (width:0.3, downshift: 1.8) . Figure 4.9

shows the normal distribution of LFQ intensities in each experiment after log transfor-

mation and imputation. Red bars denote imputed values, which are given low abundance

measurements. Data is normally distributed and therefore suitable for t-test analysis.
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Figure 4.9: LFQ intensitities show a normal distribution and are therefore suitable
for t-test analysis. Histogram shows the log transformed LFQ intensity (x-axis) vs. pro-
tein counts (y-axis) for each sample. Red values denote imputed values which were given
low values from the normal distribution.
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A number of steps were carried out to verify the data quality. The percentage of

each protein sequence covered by peptide sequence directly identified by mass spectrom-

etry (following FASTA database searches using MaxQuant) was calculated for each ‘bait’

protein. This percentage sequence coverage of bait proteins can be used to assess the ef-

ficiency of the protein digestion, clean-up and mass spectrometry, with greater sequence

coverage indicating more efficient technique. It is also a useful method to confirm the

identity of the expressed proteins. Figures 4.10, 4.11, 4.12, 4.13 and 4.14 shows the se-

quence coverage of each prey protein.

PhaI (Q88D20) had high sequence coverage, with 73% of its protein sequence having

been identified. In contrast, PhaD had a sequence coverage of just 4%, and only one

peptide was identified. (Figure 4.11) Analysis of this sequence shows a general absence

of potential trypsin cleavage sites (lysines, arginines) that would produce peptides of size

suitable for MS analysis (approximately 750-10,000 Da). However, the detection of a sin-

gle peptide suggests that the bait protein was poorly expressed. If the pulldown worked

well, the sequence coverage of the prey proteins should be high (taking into consideration

that large proteins are more likely to be represented by multiple peptides). This is con-

sistent with the western blot (Figure 4.6) which had a lower signal for PhaD compared to

the other clones.

Excluding PhaD (Q88D22), the sequence coverage of bait proteins showed each bait

protein had multiple peptides detected by the MS. This confirmed the identity of the bait

proteins. There was a difference in the percentage sequence coverage of bait proteins;

PhaI (Q88D20) ( 73%) and Crc (Q88C91) (70%) showed high coverage, compared to

PhaC1 (Q88D25) (28%) and PhaZ (Q88D24) (24%). This suggests that the protein di-

gestion, clean up and mass spectrometry workflow had worked more efficiently in PhaC1

and PhaZ pulldowns compared to PhaI and Crc.

153



Figure 4.10: Sequence coverage of PhaI (Q88D20) detected in tandem MS experi-
ments. Each blue line indicates a unique peptide identification. 73% of the overall pro-
tein sequence was identified across all replicates. This was the highest sequence coverage
across all bait proteins
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Figure 4.11: Sequence coverage of PhaD (Q88D22) detected in tandem MS experi-
ments Each blue line indicates a peptide identification. Just 4% of the protein sequence
was identified across all replicates. Only one unique peptide was identified for this pro-
tein.
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Figure 4.12: Sequence coverage of PhaZ (Q88D24) detected in tandem MS experi-
ments Each blue line indicates a peptide identification. 24% of the protein sequence was
identified across all replicates
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Figure 4.13: Sequence coverage of PhaC1 (Q88D25) detected in tandem MS experi-
ments Each blue line indicates a peptide identification. 28% of the protein sequence was
identified across all replicates 157



Figure 4.14: Sequence coverage of crc Global Regulator (Q88C91) detected in tan-
dem MS experiments Each blue line indicates a peptide identification. 70% of the protein
sequence was identified across all replicates

Next, we wanted to examine the scale and reproducibility of the APMS experiments

by; a) using hierarchical clustering to provide an overview of the experiment and b) com-

paring the similarity of protein levels in each pair of experiments using Pearson correla-

tion analysis.

Hierarchical clustering arranges experiments and proteins that are most similar beside

each other and groups proteins with similar expression levels. This is useful to get an

overview of the whole experiment. Figure 4.15 shows the relative expression levels for

each protein across all pulldown experiments, based on a green/red intensity scale. Red

indicates an relative increase in protein expression levels, whereas green indicates a rel-
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ative decrease in protein expression levels. The heatmap shows bait replicates grouped

together because they have similar protein expression profiles. (Figure 4.15) From this,

we can conclude that replicates were reproducible and different bait proteins show distinct

prey protein expression patterns.

Figure 4.15: Pulldown replicates have similar protein expression profiles indicating
the method is reproducible. Suffixes (1,2,3) indicate biological replicates. Experiments
and proteins with similar expression patterns are grouped together, with the intensity of
green/red representing a measure of expression change.

Next, the reproducibility of the experiment was assessed by comparing the similarity
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of protein levels in each pair of experiments using the Pearson correlation coefficient. The

Pearson correlation coefficient is a measure of the strength of a linear association between

two variables. The coefficient, r, can take a range of values from -1 to 1. A value of zero

indicates there is no association between the two variables, a value of 1 indicates there

is a perfect linear relationship between the two variables. The Pearson correlation was

calculated for each pair of samples, including all pulldown replicates to test how similar

each sample was. It is assumed that replicate pulldown experiments should have similar

protein expression profiles, so the correlation between replicates should be high. Figure

4.16 displays the Pearson correlation between each sample, with darker boxes indicating

a lower Pearson correlation value. Bait pulldown replicates did show high correlation

values (>0.75), confirming that the APMS analysis pipeline shows high reproducibility.
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Figure 4.16: Protein expression similarity for all pairwise APMS experiments The
similarity between each pair of experiments (proteins identified and their relative levels)
was calculated using the Pearson Correlation Coefficient and plotted as a distribution map
for all experiment pairs. Suffixes (1,2,3) indicate pulldown replicate experiments.

Taking the hierarchical clustering and the Pearson correlation coefficient results into

consideration, we could be confident with that the APMS analysis pipeline shows high

reproducibility.

4.4.3.2 Assessing potential interactors using statistical analysis

Having ascertained the data quality of the pulldowns, we next applied statistical tests

in order to evaluate the confidence of the potential protein interactions. In affinity pu-

rification experiments, care must be taken to discriminate between true interactors and

background proteins. This background proteins may bind non-specfically to the tag, the
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antibody or the agarose beads. In order to eliminate these, we compared protein levels

in the bait pulldowns to protein level in the negative control, eYFP pulldowns. Potential

interactors should have significantly higher LFQ values in the bait pulldown, compared

to the eYFP-only control.

A two-sample student t-test was carried out on each prey pulldown versus the eYFP

only control. This compares the difference in means of proteins between the two pulldown

sets, and calculates the probability that this difference is a false positive. Proteins were

considered significantly enriched if they had a t-test difference of over 0.1 and a q-value of

less that 0.05 (default Perseus parameters were used, s0=0.1, FDR=0.05). There parame-

ters are the standard parameters in pulldown experiments using Perseus analysis. [86] At

s0=0.1, even a small difference in mean between the bait pulldown and the control can be

considered as enrichment in the bait pulldown. A t-test difference of 0.1 corresponds to a

1.1 fold changes (since t-test difference is the log2 fold change) A q-value measures the

proportion of false positives incurred (that is, the false discovery rate, FDR ) when that

particular test is called significant. It is an adjusted p-value, taking into consideration the

fact that multiple tests have been performed.

Volcano plots were generated that plot the fold difference in means between LFQ intensi-

ties of proteins in prey pulldowns and eYFP pulldowns (T-test difference) against a prob-

ability score (p-value) (Figures 4.17, 4.18 and 4.19) In PhaC1, PhaZ, PhaI and Q88C91,

the bait protein was significantly enriched in the pulldown compared to the eYFP only

control. The enrichment of the bait proteins, which were known to be true positives, gave

confidence that the affinity purification approach has worked.

However, in the PhaD (Q88D22) pulldowns, the bait protein (PhaD) was not significantly

enriched, and was only detected in one pulldown. We therefore decided to exclude PhaD

(Q88D22) from further analysis.
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Figure 4.17: Volcano plots comparing the enrichment of proteins in PhaD (Q88D22)
and PhaC1 (Q88D25) pulldowns against an eYFP control. Significantly enriched pro-
teins (FDR=0.05, s0=0.1) were considered potential interactors of the bait protein. Data
points highlighted in red show the bait protein
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Figure 4.18: Volcano plots comparing the enrichment of proteins in PhaZ (Q88D24)
and PhaI (Q88D20) pulldowns against an eYFP control Significantly enriched proteins
(FDR=0.05, s0=0.1) were considered potential interactors of the bait protein. Data points
highlighted in red show the bait protein.
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Figure 4.19: Volcano plot comparing the enrichment of proteins in Q88C91 pulldown
against an eYFP control Significantly enriched proteins (FDR=0.05, s0=0.1) were con-
sidered potential interactors of the bait protein. Data points highlighted in red show the
bait protein.

The relative LFQ expression levels of each protein in each bait pulldown was com-

pared to the relative LFQ expression levels of that protein in the eYFP pulldown (negative

control). Proteins considered significantly enriched (FDR=0.05, s0=0.1) in a bait pull-

down were classified as potential interactors. 79 prey proteins were identified as signifi-

cantly enriched (FDR=0.05, s0=0.1) in bait pulldowns compared to the eYFP only control

are shown in Table 4.4 below.
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Table 4.4: Enriched proteins in bait pulldowns FDR=0.05, s0=0.1

Protein IDs Protein names Q88D20 eyfp Q88C91 eyfp Q88D24 eyfp Q88D25 eyfp
Q88C91 Exodeoxyribonuclease III +
Q88GE7 Methyltranfer dom domain-containing protein + + + +
Q88GE3 Coproporphyrinogen III oxidase family protein + + + +
Q88DC5 Oligoribonuclease +
Q88N55 Chaperonin GroEL + + +
Q88GD6 Putative Non-ribosomal peptide synthetase + + +
Q88FI0 Isocitrase + +
Q88FN9 Glycogen synthase + + +
Q88HH9 Putative 2-ketogluconokinase +
A0A140FWH8 Putative phage repressor-like +
Q88NU3 Putative Synthetase + +
A0A140FWU0 Uncharacterized protein + + +
Q88ME4 Protein RecA + + + +
P0A165 30S ribosomal protein S21 + + +
Q88GD9 Uncharacterized protein + +
Q88PC0 Aspartyl/glutamyl-tRNA +
Q88F35 Coproporphyrinogen-III oxidase + + +
Q88K26 Translation initiation factor IF-3 + +
Q88NQ2 Putative lipoprotein + +
Q88C69 Rubredoxin-NAD +
Q88KM5 Bifunctional protein FolD 2 +
Q88MH9 Elongation factor Ts +
Q88QL1 DNA-directed RNA polymerase subunit alpha +
Q88QP0 30S ribosomal protein S12 +
Q88CR2 Putative 3-mercaptopyruvate sulfurtransferase + +
Q88NH1 Putative Lipoprotein + +
Q88QL9 50S ribosomal protein L18 +
Q88DU2 Chaperone protein DnaK +
P0A138 Peptidoglycan-associated lipoprotein +
Q88N50 Transcriptional regulator MvaT +
Q88QM9 30S ribosomal protein S3 + +
Q88QL2 30S ribosomal protein S4 +
Q88EI3 Arginine N-succinyltransferase +
Q88D60 S-adenosylmethionine synthase +
Q88FS2 Isocitrate dehydrogenase + +
Q88PJ4 Outer membrane protein assembly factor BamB + +
Q88BX2 ATP synthase subunit alpha +
Q88MI0 30S ribosomal protein S2 +
Q88D20 Poly granule-associated protein +
Q88MF9 Enolase +
Q88QP1 DNA-directed RNA polymerase subunit beta’ +
Q88DN0 LPS-assembly lipoprotein LptE + +
Q88BX4 ATP synthase subunit beta +
Q88C70 DNA-binding protein HU-alpha +
Q88QL8 30S ribosomal protein S5 +
Q88QN2 50S ribosomal protein L2 +
Q88PU7 Probable malate:quinone oxidoreductase 1 +
Q88F99 Putative Lipoprotein + +
Q88C79 Putative Lipoprotein + +
Q9KJC3 Antibiotic efflux pump periplasmic linker protein +
Q88LM4 Ribonuclease E +
Q88CX2 Carboxy-terminal-processing protease +
Q88D21 PhaF PHA granule-associated protein GA2 +
Q88QN4 50S ribosomal protein L4 +
Q88N90 Putative Lipoprotein + +
A0A140FWL3 Putative lipoprotein +
Q88DD6 Protein HflC +
Q88KI6 Putative Peptidyl-prolyl cis-trans isomerase D +
Q88DD5 Protein HflK +
A0A140FWK0 Uncharacterized protein +
Q88MV6 30S ribosomal protein S16 +
Q88DT8 Outer membrane protein assembly factor +
Q88DM2 Serine-type D-Ala-D-Ala carboxypeptidase +
Q88D24 PhaZ +
Q88KD2 Putative Type 1 pili subunit CsuA/B protein +
Q88D25 PhaC1 +
Q88KE7 Zeta toxin domain-containing protein +
Q88N87 Putative lipoprotein +
Q88QZ5 Pyruvate dehydrogenase E1 component +
Q88MH2 Outer membrane protein assembly factor BamA + +
Q88QP2 DNA-directed RNA polymerase subunit beta +
Q88PD7 Peptidase M75 domain-containing protein + +
Q88GM8 Putative Transcriptional regulator MvaT +
Q88KZ0 Glyceraldehyde-3-phosphate dehydrogenase +
Q88KU3 Agmatinase +
Q88PU5 Putative Lipoprotein + +
Q88QI8 Outer membrane protein OprG + +
Q88C82 DNA-directed RNA polymerase subunit omega +
Q88N96 30S ribosomal protein S9 +

+ indicates significantly enriched in bait pulldown compared to eYFP only control
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4.4.3.3 Assessing potential interactors and their association with the PHA granule

Proteins which were identified as significantly enriched (FDR=0.05, s0=0.1) in bait pull-

down experiments compared to the eYFP only control are shown for each bait protein in

Tables 4.5 (PhaC1), 4.7 (PhaI), 4.6 (PhaZ) and Table 4.8 (Q88C91).

It was assumed that proteins involved in PHA production are likely to be found on the

PHA granule. Therefore, potential interactors with PHA-related proteins were compared

to lists of proteins that had previously been identified on the granule. There were two

sources for this:

a) Tarazona et al, [61] isolated PHA granules and analysed the proteins present using

MALDI mass spectrometry. 78 potential granule associated proteins were identified. (Ta-

bles 4.5, 4.7, 4.6 and 4.8, Column Tarazona )

b) In Chapter 3 of this thesis (section 3.3.3), we isolated the PHA granules of P. putida

and calculated the ratio of signal recorded for each protein detected in the isolated granule

fraction, relative to the signal detected in the whole cell lysate. That is, the magnitude by

which the protein was enriched in the granule relative to the overall cell. 89 proteins were

identified as being over 2-fold enriched on the granule relative to their levels in the whole

cell lysate. Two-fold enrichment was chosen as a cut off value as it is frequently used

in published transciptome and proteome experiments to indicate significant up or down

regulation. (Granule Enrich columm, Tables 4.5, 4.7, 4.6 and 4.8)
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Table 4.5: Potential PhaC1 (Q88D25) Interactors Proteins listed were identified as
significantly enriched (FDR= 0.05, s0= 0.1) when compared to an eYFP only control.

Protein Code Protein Name
q-valuea

Q88D25 eYFP
Difference
Q88D25 eYFPb Tarazona c Granule

Enrichd

Q88D25 Poly(3-hydroxyalkanoate) polymerase 1 0.00 10.06 1
Q88KD2 Putative Type 1 pili subunit CsuA/B protein 0.02 4.61
Q88CR2 Putative 3-mercaptopyruvate sulfurtransferase 0.00 4.22
A0A140FWU0 Uncharacterized protein 0.03 3.94 1
Q88GE7 Methyltranfer dom domain-containing protein 0.02 3.94
Q88FN9 Glycogen synthase 0.02 3.69
Q88QI8 Outer membrane protein OprG 0.04 3.51 1
Q88NU3 Putative Synthetase 0.03 3.35
Q88C79 Putative Lipoprotein 0.02 3.09
Q88GE3 Coproporphyrinogen III oxidase family protein 0.03 3.02
Q88PJ4 Outer membrane protein assembly factor BamB 0.03 2.83
Q88GD6 Putative Non-ribosomal peptide synthetase 0.02 2.80
Q88NH1 Putative Lipoprotein 0.03 2.67 1
Q88ME4 Protein RecA (Recombinase A) 0.03 2.59
Q88F99 Putative Lipoprotein 0.03 2.48
Q88DN0 LPS-assembly lipoprotein LptE 0.03 2.41 1
Q88GD9 Uncharacterized protein 0.03 2.38
Q88MH2 Outer membrane protein assembly factor BamA 0.03 2.34
Q88KE7 Zeta toxin domain-containing protein 0.03 2.27
Q88F35 Coproporphyrinogen-III oxidase 0.02 2.20
Q88KU3 Agmatinase 0.03 1.92
Q88PD7 Peptidase M75 domain-containing protein 0.04 1.84
Q88N90 Putative Lipoprotein 0.03 1.58 1
Q88PU5 Putative Lipoprotein 0.03 1.52 1
Q88FS2 Isocitrate dehydrogenase 0.03 1.52 1
Q88NQ2 Putative lipoprotein 0.03 1.47
Q88D60 S-adenosylmethionine synthase 0.03 1.37
Q88C82 DNA-directed RNA polymerase subunit omega 0.03 0.94

a=q-value <0.05 considered significant in student t-test analysis b=Student t-test difference in
relative LFQ intensity of bait pulldown proteins compared to eYFP only control c= Identified as a

potential granule-associated protein by Tarazona et al, 2020 [61] d= Identified as over 2-fold
enriched in granule relative to their levels in whole cell lysate (n-lim) (Chapter 3)
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Table 4.6: Potential PhaZ (Q88D24) Interactors Proteins listed were identified as sig-
nificantly enriched (FDR= 0.05, s0= 0.1)when compared to an eYFP only control.

Protein Code Protein Name
q-valuea

Q88D24 eYFP
Difference b

Q88D24 eYFP
Tarazonac Granule

Enrichd

Q88D24 PhaZ Poly(3-hydroxyalkanoate) depolymerase 0.00 10.67
Q88N55 Chaperonin GroEL 0.05 6.10 1 1
A0A140FWU0 Uncharacterized protein 0.00 3.24 1
Q88GE7 Methyltranfer dom domain-containing protein 0.04 3.22
Q88EI3 Arginine N-succinyltransferase, subunit beta 0.04 2.76
Q88FI0 Isocitrase 0.05 2.50 1
Q88QM9 30S ribosomal protein S3 0.05 2.41
Q88ME4 Protein RecA 0.04 2.29
Q88GE3 Coproporphyrinogen III oxidase family protein 0.04 1.94
Q88FS2 Isocitrate dehydrogenase 0.05 1.82 1
P0A165 30S ribosomal protein S21 0.05 1.66

a=q-value <0.05 considered significant in student t-test analysis b=Student t-test difference in
relative LFQ intensity of bait pulldown proteins compared to eYFP only control c= Identified as a

potential granule-associated protein by Tarazona et al, 2020 [61] d= Identified as over 2-fold
enriched in granule relative to their levels in whole cell lysate (n-lim) (Chapter 3)
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Table 4.7: Potential PhaI (Q88D20) Interactors Proteins listed were identified as sig-
nificantly enriched (FDR= 0.05, s0= 0.1)when compared to an eYFP only control.

Protein IDs Protein Name
q-valuea

Q88D20 eYFP
Differenceb

Q88D20 eYFP
Tarazonac Granule

Enrichd

Q88D20 PhaI, Poly granule-associated protein 0.00 11.70 1 1
Q88PD7 Peptidase M75 domain-containing protein 0.00 5.88
P0A165 30S ribosomal protein S21 0.00 5.07
P0A138 Peptidoglycan-associated lipoprotein (PAL) 0.01 4.93 1 1
Q88ME4 Protein RecA (Recombinase A) 0.00 4.78
Q88PU7 Probable malate:quinone oxidoreductase 1 0.01 4.74 1
Q88QL1 DNA-directed RNA polymerase subunit alpha 0.01 4.59 1
Q88N87 Putative lipoprotein 0.00 4.43
Q88MI0 30S ribosomal protein S2 0.00 4.39 1 1
Q88N50 Transcriptional regulator MvaT, P16 subunit 0.01 4.37
Q88QP0 30S ribosomal protein S12 0.00 4.33
Q88MH2 Outer membrane protein assembly factor BamA 0.00 4.26
Q88F99 Putative Lipoprotein 0.00 4.16
Q88QP2 DNA-directed RNA polymerase subunit beta 0.02 4.04 1
Q88NH1 Putative Lipoprotein 0.00 3.84 1
Q88DN0 LPS-assembly lipoprotein LptE 0.00 3.84 1
Q88PJ4 Outer membrane protein assembly factor BamB 0.00 3.74
Q88C79 Putative Lipoprotein 0.00 3.58
Q88GE7 Methyltranfer dom domain-containing protein 0.00 3.47
Q9KJC3 Antibiotic efflux pump periplasmic linker protein ArpA 0.00 3.43
Q88FN9 Glycogen synthase 0.01 3.35
Q88LM4 Ribonuclease E 0.00 3.20
Q88BX2 ATP synthase subunit alpha 0.02 3.19 1 1
Q88CX2 Carboxy-terminal-processing protease 0.01 3.15 1
Q88D21 PhaF PHA granule-associated protein GA2 0.01 3.09 1 1
Q88QL8 30S ribosomal protein S5 0.01 3.07 1
Q88KZ0 Glyceraldehyde-3-phosphate dehydrogenase 0.02 3.02
Q88N55 Chaperonin GroEL 0.02 2.98 1 1
Q88QN4 50S ribosomal protein L4 0.01 2.96 1
Q88QP1 DNA-directed RNA polymerase subunit beta 0.02 2.95 1
Q88GE3 Coproporphyrinogen III oxidase family protein 0.00 2.85
Q88N90 Putative Lipoprotein 0.00 2.62 1
A0A140FWL3 Putative lipoprotein 0.04 2.58
Q88DD6 Protein HflC 0.01 2.57
Q88QL2 30S ribosomal protein S4 0.01 2.56 1
Q88KI6 Putative Peptidyl-prolyl cis-trans isomerase D 0.00 2.55
Q88DD5 Protein HflK 0.00 2.54 1
Q88GM8 Putative Transcriptional regulator MvaT, P16 subunit 0.01 2.52
Q88K26 Translation initiation factor IF-3 0.01 2.51
A0A140FWK0 Uncharacterized protein 0.02 2.46
Q88QM9 30S ribosomal protein S3 0.01 2.45
Q88PU5 Putative Lipoprotein 0.01 2.31 1
Q88QI8 Outer membrane protein OprG 0.04 2.24 1
Q88C70 DNA-binding protein HU-alpha 0.01 2.04
Q88MV6 30S ribosomal protein S16 0.03 2.03
Q88DU2 Chaperone protein DnaK (HSP70) 0.01 1.94 1 1
Q88CR2 Putative 3-mercaptopyruvate sulfurtransferase 0.01 1.92
Q88DT8 Outer membrane protein assembly factor BamE 0.01 1.90
Q88F35 Coproporphyrinogen-III oxidase 0.01 1.87
Q88GD6 Putative Non-ribosomal peptide synthetase 0.02 1.70
Q88MF9 Enolase 0.01 1.64 1
Q88DM2 Serine-type D-Ala-D-Ala carboxypeptidase 0.01 1.63 1 1
Q88QL9 50S ribosomal protein L18 0.02 1.59
Q88QN2 50S ribosomal protein L2 0.01 1.41
Q88QZ5 Pyruvate dehydrogenase E1 component 0.03 1.37 1
Q88N96 30S ribosomal protein S9 0.02 0.86 1
Q88BX4 ATP synthase subunit beta 0.03 0.56 1 1

a=q-value <0.05 considered significant in student t-test analysis b=Student t-test difference in
relative LFQ intensity of bait pulldown proteins compared to eYFP only control c= Identified as a

potential granule-associated protein by Tarazona et al, 2020 [61] d= Identified as over 2-fold
enriched in granule relative to their levels in whole cell lysate (n-lim) (Chapter 3) 170



Table 4.8: Potential crc Global Regulator (Q88C91) Interactors Proteins listed were
identified as significantly enriched (FDR= 0.05, s0= 0.1)when compared to an eYFP only
control.

Protein IDs Protein Name
q-value a

Q88C91 eYFP
Differenceb

Q88C91 eYFP
Tarazonac Granule

Enrichd

Q88C91 Crc Global regulator 0.00 12.68
Q88GE7 Methyltranfer dom domain-containing protein 0.00 4.39
Q88GE3 Coproporphyrinogen III oxidase family protein 0.00 4.37
Q88DC5 Oligoribonuclease 0.00 4.31
Q88N55 Chaperonin GroEL 0.01 4.31 1 1
Q88GD6 Putative Non-ribosomal peptide synthetase 0.00 4.29
Q88FI0 Isocitrase 0.00 4.14 1
Q88FN9 Glycogen synthase 0.00 3.64
Q88HH9 Putative 2-ketogluconokinase 0.00 3.48
A0A140FWH8 Putative phage repressor-like, DNA-binding domain 0.01 3.27
Q88NU3 Putative Synthetase 0.04 3.07
A0A140FWU0 Uncharacterized protein 0.00 2.83 1
Q88ME4 Protein RecA (Recombinase A) 0.01 2.49
P0A165 30S ribosomal protein S21 0.01 2.32
Q88GD9 Uncharacterized protein 0.02 1.87
Q88PC0 Aspartyl/glutamyl-tRNA amidotransferase subunit B 0.01 1.81
Q88F35 Coproporphyrinogen-III oxidase 0.02 1.73
Q88K26 Translation initiation factor IF-3 0.04 1.60
Q88NQ2 Putative lipoprotein 0.01 1.53
Q88C69 Rubredoxin-NAD(+) reductase 0.03 1.21
Q88KM5 Bifunctional protein FolD 2 0.01 1.06
Q88MH9 Elongation factor Ts (EF-Ts) 0.04 0.86 1

a=q-value <0.05 considered significant in student t-test analysis b=Student t-test difference in
relative LFQ intensity of bait pulldown proteins compared to eYFP only control c= Identified as a

potential granule-associated protein by Tarazona et al, 2020 [61] d= Identified as over 2-fold
enriched in granule relative to their levels in whole cell lysate (n-lim) (Chapter 3)

4.4.3.4 Interpretation of primary screen potential interactors

Poly(3-hydroxyalkanoate) polymerase 1, PhaC1 (Q88D25)

Poly(3-hydroxyalkanoate) polymerase 1, phaC1 (Q88D25) is one of the two known poly-

merases on the PHA operon of P. putida. As the volcano plot shows (Figure 4.17) PhaC1

was significantly enriched (FDR=0.05, s0=0.1) in the bait pulldowns, compared to the

eYFP-only control (t-test difference=10)

When comparing the proteins identified in the PhaC1 pulldown compared to the eYFP

only control, t-test analysis identified 28 proteins that were significantly enriched in the

prey pulldown (FDR=0.05, s0=0.1). Since this included PhaC1 itself, this left 27 remain-

ing potential interacting partners. (Table 4.5)
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Of these 28 potential interactors, six are classified as putative lipoproteins. Four of

the lipoproteins identified as potential partners in the PhaC1 pulldown, were also identi-

fied as associated with the granule by Tarazona et al. [61] (Table 4.5) This is a class of

proteins that were also identified in the previous chapters as being enriched in nitrogen

limited conditions (Chapter 2, section 2.5.2) and enriched on the granules (Chapter 3,

section 3.4.4). The presence of lipoproteins in the PhaC1 pulldown and enriched on the

granule suggests they may be bona fide interactors. However, Jenodrossek has previously

argued that the presence of lipoproteins on the PHA granule is as a results of artefactual

binding [126]. As described in the next section of this chapter (section 4.4.5), it was

decided to carry out a reverse pulldown and confocal microscopy on putative lipoprotein

(Q88F99) to validate its interaction with PhaC1 and investigate its subcellular localisation.

PHA depolymerase, PhaZ (Q88D24)

PHA depolymerase, PhaZ (Q88D24) is responsible for breaking down PHA in times of

nutrient deficiency. Three biological replicates of P. putida strains expressing PhaZ-eYFP

fusion protein were submitted to APMS analysis. As the volcano plot shows (Figure 4.18)

PhaZ was significantly enriched (FDR=0.05, s0=0.1) in the bait pulldowns, compared to

the eYFP-only control, with a t-test difference of 10 in relative protein levels between the

bait pulldown and the eYFP (negative control) pulldown.

When comparing the LFQ intensities of proteins identified in the PhaZ pulldown com-

pared to the eYFP only control, t-test analysis identified 11 proteins that were significantly

enriched in the PhaZ pulldown (FDR=0.05, s0=0.1). Since this included PhaZ itself, this

left 10 remaining potential interacting partners. (Table 4.6)

The second most enriched protein in the PhaZ (Q88D24) pulldown was Chaperonin

GroEL (Q88N55) which had a 64 fold increase in the PhaZ pulldown compared to the
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eYFP only pulldown. Chaperonin GroEL (Q88N55) was also found to be associated with

the PHA granule in both studies by Tarazona et al, and our granule isolation studies in

chapter 3. (Table 4.6) Chaperonin GroEL is also upregulated in response to nitrogen lim-

itation in the cell. [14].

The overexpression of Chaperonin GroEL with the PHA production operon from Ral-

stonia eutropha in E.coli was found to stimulate production of PHA polymers with re-

duced molecular weights. [149] The potential interaction of chaperonin GroEl and PhaZ

in P. putida as identified in our APMS experiment (Table 4.6) may therefore be an impor-

tant interaction in the regulation of PHA production.

Poly granule-associated protein, PhaI (Q88D20)

PhaI (Q88D20), poly-granule associated protein, is one of the most abundant proteins

on the PHA granule. [60] Three biological replicates of P. putida strains expressing PhaI-

eYFP fusion protein were submitted to APMS analysis. As the volcano plot shows (Figure

4.18) PhaI was significantly enriched (FDR=0.05, s0=0.1) in the bait pulldowns, com-

pared to the eYFP-only control (t-test difference=11.7 between PhaI pulldown and eYFP

only negative control).

When comparing the LFQ intensities of proteins identified in the PhaI pulldown com-

pared to the eYFP only control, t-test analysis identified 58 proteins that were signifi-

cantly enriched in the PhaI pulldown (FDR=0.05, s0=0.1) (Table 4.7). Of note, PhaF

(Q88D21) was identified as being enriched 6.5 fold in the PhaI pulldown. This is the only

other known phasin in P. putida, and has previously been shown to form a complex with

PhaI [61].

The fourth most enriched protein (t-test difference, 4.93, q-value 0.01) in the PhaI

pulldown compared to the eYFP only control was peptidoglycan-associated lipoprotein

(P0A138). P0A138 had been identified in Chapter 3 of this thesis as a potential granule
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associated protein due to its presence on the isolated granule fraction, and its biophysical

properties (Section 3.4.3.3). The enrichment of P0A138 in the PhaI pulldown suggests

that it may not only be localised to the PHA granule but also have a role in PHA produc-

tion.

Interestingly, Pyruvate dehydrogenase E1 component (Q88QZ5) was also identified

as being enriched over 2 fold in this pulldown. This protein was also identified in the pre-

vious chapter of this thesis as being associated with the granule, and therefore we selected

it for further analysis. Its interaction with a known phasin suggests it may be involved in

PHA production.

Crc Global regulator (Q88C91)

In this primary screen, the Crc global regulator was the only protein included that was not

found on the PHA operon. This global regulator is involved in the regulation of expres-

sion of PHA genes. [150], [13]

Three biological replicates of P. putida strains expressing crc-eYFP fusion protein

were submitted to APMS analysis. As the volcano plot shows (Figure 4.19) Crc was

significantly enriched (FDR=0.05, s0=0.1) in the bait pulldowns, compared to the eYFP-

only control, with a t-test difference of 12 between the relative protein levels in the bait

pulldown and the eYFP (negative control) pulldown.

When comparing the LFQ intensities of proteins identified in the Crc pulldown com-

pared to the eYFP only control, t-test analysis identified 23 proteins that were significantly

enriched in the PhaI pulldown (FDR=0.05, s0=0.1) (Table 4.8).

No PHA-related proteins were identified as being significantly enriched in the Crc

pulldown. This may be due to the fact that the global regulator Crc inhibits the production
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of PHA in P. putida under balanced carbon/nitrogen growth conditions [40]. Therefore,

in these nitrogen limited conditions, it is unlikely it would be associating with PHA-

related proteins. Also, crc inhibits the translation of phaC1 mRNA, therefore reducing the

accumulation of PHA in the cell in nitrogen balanced conditions. Therefore, Crc also may

not ever interact directly with the enzyme apparatus responsible for PHA production. [13]

4.4.4 PHA Interactome

The Cytoscape platfrom was used to generate a protein interaction map using the data

compiled from all potential interactors identified in the primary screen, for the three PHA

operon proteins studied: PhaI, PhaC1 and PhaZ (Figure 4.20). Interestingly, only one

putative interaction between PHA pathway components was observed: PhaI and PhaF.

This suggests that although PhaI, PhaC and PhaZ are all located on the PHA granule and

involved in PHA metabolism, they may not directly interact with each other. For instance,

the role of PhaC1 is to synthesis PHA. In contrast, the role of PhaZ is to break it down,

therefore there is no obvious physiological reason for PhaC1 and PhaZ to interact physi-

cally with each other.
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Figure 4.20: Interactome of PHA-related proteins Yellow proteins indicate bait proteins
which are known to be involved in PHA production.

4.4.5 Choosing potential interactors for validation

Since several proteins which were previously not known to be associated with PHA pro-

duction were found to be implicated as potential interactors in multiple PHA-related pro-

tein pulldowns, further investigation is required to determine the validity of these inter-

actions. As previously discussed (section 4.2.2) a second, independent method is usually

employed to validate potential interactions detected from mass spectrometry.
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It was not possible to validate all potential partners due to the requirement to tag

each protein. Therefore, we selected three proteins of particular interest from the primary

screen that had also been implicated in previous studies to pursue further validation. These

were pyruvate dehyodrogenase subunit E1 (Q88QZ5), putative lipoprotein (Q88F99) and

Peptidoglycan-associated lipoprotein (P0A138).

Putative lipoprotein (Q88F99)

Putative lipoproteins are a class of proteins which were detected in both PhaI pulldowns

and PhaC1 pulldowns (Table 4.7, 4.5). They have previously also been identified as en-

riched on the P. putida PHA granule, in both our analysis in Chapter 3 and in granule

isolation experiments carried out by Tarazona et al, 2020 [61]. However, as discussed in

the previous chapter of this thesis (Chapter 3, section 3.4.2.1), their presence on the PHA

granule in vivo is debated. It was decided to tag one of these putative lipoproteins with an

eYFP tag and carry out a reverse pulldown as a representative single example of putative

lipoproteins and their interaction with PHA related proteins . If it is a true interactor with

these PHA-related proteins, PHA-related proteins should be enriched with the lipoprotein

acts as a prey protein. Putative Lipoprotein (Q88F99) was selected as a candidate. Puta-

tive lipoprotein was significantly (FDR=0.05, s0=0.1) enriched in both the PhaI pulldown

(4.08 t-test difference) and the PhaC1 pulldown (2.4 t-test difference).

Pyruvate dehyodrogenase subunit E1 (Q88QZ5)

Pyruvate dehydrogenase subunit E1 (Q88QZ5) was identified as being significantly en-

riched (FDR=0.05, s0=0.1) in the PhaI (Q88D20) pulldown compared to the eYFP con-

trol. Q88QZ5 was also identified in the previous chapter (Chapter 3, section 3.4.2.2.) as

a potential granule-associated proteins. Its potential interaction with PhaI, as identified in

the primary screen, suggests that it may not only be localised to the PHA granule but also
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may have a role in PHA production.

Since a physical interaction between Pyruvate dehyodrogenase subunit E1 and PhaI could

reveal a link between PHA production and central carbon metabolism, we wanted to val-

idate this interaction and investigate further.

Peptidoglycan-associated lipoprotein (P0A138)

Peptidoglycan-associated lipoprotein (P0A138) was the fourth most enriched protein (t-

test difference, 4.93, q-value 0.01) in the PhaI pulldown compared to the eYFP only

control. P0A138 had been identified in Chapter 3 of this thesis as a potential granule

associated protein due to its presence on the isolated granule fraction, and its biophysical

properties. (Section 3.4.3.3). The enrichment of P0A138 in the PhaI pulldown suggests

that it may not only be localised to the PHA granule but also have a role in PHA produc-

tion.

Also, P0A138 is a lipoprotein, so we were interested to investigate if it was a false positive

or a true interactor.

4.4.6 Secondary screen: Validation of three potential PHA-related

proteins

In the primary screen, 79 proteins were identified as potential interactors with PHA-

related proteins. Of these 79 proteins, three proteins were chosen for further valida-

tion experiments. These were pyruvate dehyodrogenase subunit E1 (Q88QZ5), putative

lipoprotein (Q88F99) and Peptidoglycan-associated lipoprotein (P0A138).

A secondary screen was carried out to validate the proteins interactions of the three

selected proteins (Q88QZ5, Q88F99 and P0A138) with PHA-related proteins. This sec-

ondary screen was based on the premise that it protein X pulls down protein Y, protein

Y should also pull down protein X. Therefore, if these proteins are true interactors of
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PHA-related proteins, PHA-related proteins should be identified as prey proteins when

Q88QZ5, Q88F99 and P0A138 are used as bait.

The three chosen proteins (pyruvate dehyodrogenase subunit E1 (Q88QZ5), putative

lipoprotein (Q88F99) and Peptidoglycan-associated lipoprotein (P0A138)) were tagged

with eYFP and the same APMS protocol as in the primary screen was carried out (section

4.4.2).

4.4.6.1 Proteomic Analysis

In total, 563 proteins were identified across all pulldowns. This was reduced to 510 pro-

teins after filtering out potential contaminants and proteins only identified by site, as de-

scribed in the previous section (section 4.4.3.1). Again, imputation was carried out to

replace missing values, using the same parameters as the above section (width:0.3, down-

shift: 1.8) . (Figure 4.21)
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Figure 4.21: Histogram of log transformed LFQ intensity (x-axis) vs. protein counts
(y-axis) for each pulldown of eYFP-tagged proteins in the secondary screen Red val-
ues denote imputed values which were given low values from the normal distribution.
Red values denote imputed values.
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To assess the data quality, the percentage of each protein sequence covered by peptide

sequence directly identified by mass spectrometry was calculated as shown in figures 4.22,

4.23 and 4.24.All bait proteins had multiple peptides identified, with a minimum coverage

of 28% for Peptidoglycan-associated lipoprotein (P0A138) and a maximum coverage of

55% for Putative lipoprotein (Q88F99). This gave confidence in the identity of the bait

protein.

Figure 4.22: Sequence coverage of Peptidoglycan-associated lipoprotein (P0A138)
detected in tandem MS experiments. Each blue line indicates a peptide identification.
28% of the overall protein sequence was identified across all replicates.
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Figure 4.23: Sequence coverage of pyruvate dehyodrogenase subunit E1 (Q88QZ5)
detected in tandem MS experiments. Each blue line indicates a peptide identification.
35% of the overall protein sequence was identified across all replicates. This was the
highest sequence coverage across all bait proteins
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Figure 4.24: Sequence coverage of pyruvate putative lipoprotein (Q88F99) detected
in tandem MS experiments. Each blue line indicates a peptide identification. 53% of
the overall protein sequence was identified across all replicates. This was the highest
sequence coverage across all bait proteins

To examine the scale and reproducability of the APMS experiments, hierarchical clus-

tering was carried out to provide an overview of the experiment. Figure 4.25 shows

the changes in relative expression level between all proteins identified in the secondary

screen. The eYFP replicates are grouped together, showing a similar expression pattern.

However, the majority of proteins in the eYFP pulldown replicates show lower relative

protein abundance levels (green), indicating lower overall protein abundance levels. This

would cause many proteins to look enriched in the bait pulldowns compared to the eYFP

only control, making it more difficult to discriminate background proteins from true in-

teractors.
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Figure 4.25: Heatmap of protein expression across all pulldown replicates of eYFP
tagged proteins in the secondary screen Experiments and proteins with similar expres-
sion patters are grouped together, with the intensity of green/red representing a measure
of expression change. Biological replicates (indicating by suffixes 1,2,3) are grouped to-
gether as they show similar protein expression levels. This grouping gives confidence that
the experimental approach is reproducible.

The similarity of protein levels for each pair of experiments was calculated using

the Pearson correlation, as described for the primary screen (section 4.4.3.1) Figure 4.26

shows that replicates were more similar to each other than other pulldowns.
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Figure 4.26: Protein expression similarity for all pairwise APMS experiments The
similarity between each pair of experiments (proteins identified and their relative levels)
was calculated using the Pearson Correlation Coefficient and plotted as a distribution map
for all experiment pairs. Suffixes (1,2,3) indicate replicate experiments.
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4.4.6.2 Statistical Analysis of potential interactors identified in the secondary screen

As before, in the primary screen, we wanted to exclude non-specific partners from each

set of pulldowns. In order to eliminate these, the protein levels in the prey pulldowns

were compared to the negative control, eYFP only. Student t-tests were carried out, to de-

termine what proteins were significantly enriched in the bait pulldown, compared to the

eYFP only pulldown. The same parameters were used (s0=0.01, FDR=0.01). As Figure

4.27 shows, the bait protein was significantly enriched in each bait pulldown.
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Figure 4.27: Volcano plots compared the relative the enrichment of bait proteins,
pyruvate dehyodrogenase subunit E1 (Q88QZ5), putative lipoprotein (Q88F99) and
Peptidoglycan-associated lipoprotein (P0A138) to an eYFP only control Bait proteins
are identified with a red circle. Blue circles show enriched PHA-related proteins
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In total, 135 proteins were identified as significantly enriched (FDR=0.05, s0=0.1) in

the bait pulldown compared to the eYFP only control, across all bait pulldowns in the sec-

ondary screen. All bait proteins were significantly enriched in their bait pulldown when

compared to an eYFP only control. (FDR=0.05, s0=1) (Table 4.9)

Table 4.9: eYFP-tagged bait proteins significantly enriched (FDR=0.05, s0=0.1) when
compared to an eYFP only control

Protein IDs Protein Name Significant
q-value
P0A138

Difference
P0A138

q-value
Q88F99

Difference
Q88F99

q-value
Q88QZ5

Difference
Q88QZ5

Q88QZ5
Pyruvate dehydrogenase
subunit E1

P0A138 eYFP;
Q88QZ5 eYFP 0.03 3.07 1.00 0.00 0.00 6.96

P0A138
Peptidoglycan-associated
lipoprotein

P0A138 eYFP;
Q88QZ5 eYFP 0.00 8.59 0.44 0.83 0.03 1.16

Q88F99 Putative Lipoprotein Q88F99 eYFP 1.00 0.00 0.00 3.43 1.00 0.00

Significantly enriched (FDR=0.05, s0=0.1) proteins for each bait protein as com-

pared to an eYFP only control are listed in Tables 4.10 (Q88QZ5), 4.11 (P0A138), 4.12

(Q88F99) below. Many ribosomal proteins were identified as enriched in the bait pull-

downs. This may be due to the lower protein abundance levels of the eYFP control, as

observed in Figure 4.25. The overall lower LFQ intensities of the eYFP only control re-

sulted in many background proteins being identified as enriched in the bait pulldown.
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Table 4.10: Proteins significantly enriched in pyruvate dehyodrogenase subunit E1
(Q88QZ5) pulldowns compared to an eYFP-only negative control FDR=0.05, s0=0.1

Protein IDs Protein names
q-value
Q88QZ5 eYFP

Difference
Q88QZ5 eYFP

Q88QN2 50S ribosomal protein L2 0 8.67
Q88QL6 50S ribosomal protein L15 0 8.46
Q88QN5 50S ribosomal protein L3 0 7.50
Q88MV3 50S ribosomal protein L19 0 7.49
Q88QP5 50S ribosomal protein L11 0 7.36
P0A165 30S ribosomal protein S21 0 7.35
Q88QP4 50S ribosomal protein L1 0 7.29
Q88QM7 50S ribosomal protein L29 0 7.07
Q88M03 30S ribosomal protein S1 0 7.04
Q88QN0 50S ribosomal protein L22 0 6.99
Q88QL0 50S ribosomal protein L17 0 6.99
Q88QZ5 Pyruvate dehydrogenase E1 component 0 6.96
Q88QM0 50S ribosomal protein L6 0 6.71
Q88DF1 50S ribosomal protein L9 0 6.66
Q88QL2 30S ribosomal protein S4 0 6.56
Q88QN3 50S ribosomal protein L23 0 6.22
Q88QM4 50S ribosomal protein L24 0 6.12
Q88PX6 Ribose-phosphate pyrophosphokinase 0 6.11
Q88QP3 50S ribosomal protein L10 0 6.10
Q88N97 50S ribosomal protein L13 0 6.06
Q88QM1 30S ribosomal protein S8 0 5.99
Q88FA9 Oxoglutarate dehydrogenase 0 5.78
Q88C99 50S ribosomal protein L28 0 5.69
Q88QP0 30S ribosomal protein S12 0 5.66
Q88QN4 50S ribosomal protein L4 0 5.63
Q88LL9 50S ribosomal protein L32 0 5.62
P0A161 50S ribosomal protein L34 0 5.58
P59374 30S ribosomal protein S11 0 5.51
Q88QL7 50S ribosomal protein L30 0 5.51
Q88LM4 Ribonuclease E (RNase E) (EC 3.1.26.12) 0 5.32
Q88PX7 50S ribosomal protein L25 0 5.26
Q88N55 Chaperonin GroEL 0 5.17
Q88MI0 30S ribosomal protein S2 0 5.09
Q88FB0 2-oxoglutarate dehydrogenase component 0 5.01
Q88QN9 30S ribosomal protein S7 0 4.95
Q88N96 30S ribosomal protein S9 0 4.94
Q88QM6 30S ribosomal protein S17 0 4.89
Q88QL8 30S ribosomal protein S5 0 4.84
Q88Q10 50S ribosomal protein L21 0 4.80
Q88QL3 30S ribosomal protein S13 0 4.76
Q88F54 Hydroxyproline acetylase 0 4.75
Q88D27 ATP-dependent protease ATPase subunit HslU 0 4.71
Q88QL9 50S ribosomal protein L18 0 4.68
Q88K25 50S ribosomal protein L35 0 4.67
Q88QM5 50S ribosomal protein L14 0 4.57
Q88DU2 Chaperone protein DnaK (HSP70) 0 4.56
Q88LX8 GDP-mannose 4,6-dehydratase 0 4.54
Q88DE9 30S ribosomal protein S18 0 4.46
Q88QN6 30S ribosomal protein S10 0 4.34
Q88F78 Non-ribosomal peptide synthetase 0 4.30
Q88DE6 Ribonuclease R (RNase R) (EC 3.1.13.1) 0 4.28
Q88QP2 DNA-directed RNA polymerase subunit beta 0 3.97
Q88CU3 50S ribosomal protein L31 0 3.96
Q88LF1 Small heat shock protein IbpA 0 3.94
Q88CM5 2-oxoglutarate reductase 0 3.88
Q88D21 Polyhydroxyalkanoate granule-associated protein GA2 0 3.88
Q88QM3 50S ribosomal protein L5 0 3.85
Q88P76 Valine–tRNA ligase 0 3.81
Q88DD5 Protein HflK 0 3.76
Q88QZ6 Acetyltransferase component of pyruvate dehydrogenase complex 0 3.75
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Table 4.11: Proteins significantly enriched in peptidoglycan-assocaited lipoprotein
(P0A138) pulldowns compared to an eYFP-only negative control FDR=0.05, s0=0.1.

Uniprot Code Protein Name
q-value
P0A138 eYFP

Difference
P0A138 eYFP

P0A138 Peptidoglycan-associated lipoprotein (PAL) 0.00 8.59
Q88NT3 OmpA family protein 0.00 7.32
Q88QN2 50S ribosomal protein L2 0.00 6.84
Q88QP5 50S ribosomal protein L11 0.00 6.43
Q88QP0 30S ribosomal protein S12 0.00 5.97
Q88QN5 50S ribosomal protein L3 0.00 5.93
Q88QL6 50S ribosomal protein L15 0.00 5.92
P0A165 30S ribosomal protein S21 0.00 5.80
Q88QP4 50S ribosomal protein L1 0.00 5.70
Q88QL2 30S ribosomal protein S4 0.00 5.63
Q88QP3 50S ribosomal protein L10 0.00 5.46
P0A173 Tol-Pal system protein TolB 0.00 5.23
Q88MV3 50S ribosomal protein L19 0.00 4.93
P59374 30S ribosomal protein S11 0.00 4.71
P0A161 50S ribosomal protein L34 0.01 4.58
Q88N96 30S ribosomal protein S9 0.00 4.56
Q88QM7 50S ribosomal protein L29 0.02 4.25
Q88N50 Transcriptional regulator MvaT, P16 subunit 0.00 4.19
Q88D21 Polyhydroxyalkanoate granule-associated protein GA2 0.00 4.11
Q88QN9 30S ribosomal protein S7 0.00 3.97
Q88PX7 50S ribosomal protein L25 0.02 3.80
Q88QL9 50S ribosomal protein L18 0.00 3.68
Q88DF1 50S ribosomal protein L9 0.00 3.57
Q88M03 30S ribosomal protein S1 0.00 3.55
Q88PX6 Ribose-phosphate pyrophosphokinase 0.02 3.33
Q88F81 Outer membrane ferripyoverdine receptor FpvA, TonB-dependent 0.00 3.33
Q88QN0 50S ribosomal protein L22 0.02 3.31
Q88N55 Chaperonin GroEL 0.00 3.11
Q88QZ5 Pyruvate dehydrogenase E1 component 0.03 3.07
Q88QP2 DNA-directed RNA polymerase subunit beta 0.01 3.05
Q88QL8 30S ribosomal protein S5 0.01 2.98
Q88F75 Diaminobutyrate-2-oxoglutarate transaminase 0.00 2.95
Q88PD7 Peptidase M75 domain-containing protein 0.00 2.93
Q88FN5 Uncharacterized protein 0.00 2.90
Q88QN3 50S ribosomal protein L23 0.00 2.86
Q88LM4 Ribonuclease E 0.05 2.84
Q88QL1 DNA-directed RNA polymerase subunit alpha 0.00 2.83
Q88QL7 50S ribosomal protein L30 0.01 2.83
Q88MI0 30S ribosomal protein S2 0.02 2.83
Q88LR1 ATP-dependent RNA helicase DeaD 0.00 2.83
Q88QN4 50S ribosomal protein L4 0.00 2.81
Q88GC8 L-ornithine 5-monooxygenase (EC 1.13.12.-) 0.00 2.77
Q88C99 50S ribosomal protein L28 0.02 2.71
Q88CU3 50S ribosomal protein L31 0.02 2.70
Q88F54 Hydroxyproline acetylase 0.00 2.67
Q88DE6 Ribonuclease R (RNase R) 0.00 2.64
Q88FA9 Oxoglutarate dehydrogenase (succinyl-transferring) 0.02 2.63
Q88N45 Methyl-accepting chemotaxis protein McpG 0.00 2.59
Q88N97 50S ribosomal protein L13 0.02 2.52
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Table 4.12: Proteins significantly enriched in putative lipoproteins (Q88F99) pull-
downs compared to an eYFP-only negative control FDR=0.05, s0=0.1.

Protein IDs Protein Code
q-value
Q88F99 eYFP

Difference
Q88F99 eYFP

Q88F54 Hydroxyproline acetylase 0.00 5.80
Q88LX8 GDP-mannose 4,6-dehydratase 0.00 5.00
Q88F99 Putative Lipoprotein 0.00 3.43
Q88CM5 2-oxoglutarate reductase 0.04 3.00
Q88LL5 Acyl carrier protein 0.05 2.73
Q88FT2 Serine–tRNA ligase 0.05 2.05
Q88PK8 Cysteine desulfurase IscS 0.05 1.88
Q88HE4 Gluconokinase 0.05 1.56
Q88DU2 Chaperone protein DnaK (HSP70) 0.00 1.34

4.4.6.3 Validation of interactions from the primary screen

Since this was the secondary screen, we were specifically interested in PHA-related pro-

teins. We therefore searched the list of significantly (FDR=0.05, s0=0.1) enriched pro-

teins in bait pulldowns compared to eYFP only control, for PHA-related proteins only.

PhaF (Q88D21) was identified as significantly enriched in both P0A138 and Q88QZ5

pulldowns.

Pyruvate dehydrogenase subunit E1 (Q88QZ5)

Pyruvate dehydrogenase E1 component (Q88QZ5) is a component of the pyruvate dehy-

drogenase complex. This complex catalyzes the conversion of pyruvate to acetyl-CoA

and CO2. It forms a homodimer with the larger PDH complex, and is part of the pyru-

vate dehydrogenase complex. This complex is composed of multiple copies of pyruvate

dehydrogenase (E1), dihydrolipoamide acetyltransferase (E2) and lipoamide dehydroge-

nase (E3) and is a cytosolic complex. This is described in detail in the discussion sec-

tion.(Figure 4.31)

PDE1 has two domains, as identified by Pfam: a transketolase domain and a Pyruvate

dehydrogenase E1 component middle domain. Both of these domains are involved in the

binding of thiamin diphosphate, which pyruvate dehydrogenase is dependent on for its
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activity. Pyruvate dehydrogenase subunit E1 (Q88QZ5) was identified in the previous

chapter of this thesis as a potential granule associated protein (section 3.4 (Table 3.3) In

granule isolation experiments, it was the10th most abundant protein on the PHA granule

In this chapter, (section 4.4.3.2) pyruvate dehydrogenase subunit E1 (Q88QZ5) was

found to be significantly enriched (FDR=0.05, s0=0.1) in the PhaI (Q88D20) pulldowns,

when compared to an eYFP only control. It was therefore fused with eYFP and a reverse

pulldown was carried out to confirm this interaction.

The LFQ intensities of proteins detected in the Q88QZ5 pulldown were compared to

the LFQ intensities of proteins detected in the eYFP only control. (Figure 4.27) . Pyru-

vate dehydrogenase subunit E1 (Q88QZ5) was significantly enriched in the bait protein

pulldown, compared to the eYFP only control, as was expected for the bait proteins (t-test

difference=10). The acetyltransferase component of pyruvate dehydrogenase complex E3

(Q88QZ6) was also enriched 56 fold. The dihydrolipoamide acetyltransferase component

of pyruvate dehydrogenase complex E1 was not detected in the pulldown experiments.

T-test analysis identified 141 proteins as being significantly enriched in the Q88QZ5

pulldown, compared to the eYFP only control (FDR=0.05, s0=0.1). Unsurprisingly, a

large proportion of its interactors were involved in pyruvate metabolism. Figure 4.28

shows the pyruvate metabolism pathway, as annotated by KEGG. Enzymes highlighted

in red indicate proteins identified as enriched in the Pyruvate dehydrogenase subunit E1

(Q88QZ5) pulldown, compared to the eYFP only negative control.
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Figure 4.28: TCA cycle of P. putida Proteins enriched in the pyruvate dehydrogenase E1
subunit (Q88QZ5) pulldown are highlighted in red

PhaI (Q88D20) was also identified in the pyruvate dehydrogenase subunit E1 (Q88QZ5)

pulldown but was not considered significantly enriched. Therefore, the reverse pulldown

of pyruvate dehydrogenase subunit E1 (Q88QZ5) does not confirm the interaction of PhaI

and Q88QZ5 that was detected in the primary screen (Table table:Q88D20). However,

PhaF (Q88D21) was identified as significantly enriched (FDR=0.05, s0=0.1) in the pyru-

vate dehydrogenase subunit E1 (Q88QZ5) pulldown, compared to the eYFP only control.

Therefore, since PhaI and PhaF form a complex in PHA accumulating conditions [61],

the reverse pulldown does prove a link between the pyruvate dehydrogenase complex and

the phasins complex.

However, PhaI and PhaF have been shown to form a complex, [61] so the interaction

of pyruvate dehydrogenase subunit E1 (Q88QZ5) with PhaF does provide a precedent

suggesting that Q88QZ5 could interact with some components of the PHA metabloism
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pathway.

Putative Lipoprotein (Q88F99)

Putative Lipoprotein (Q88F99) was selected as an example of the putative lipoprotein

class, to determine if these proteins were true interactors of PHA-related proteins. Puta-

tive Lipoprotein (Q88F99) was identified in the primary screen as significantly enriched

(FDR=0.05, s0=0.1) in both PhaC1 pulldown (t-test difference=2.4) and PhaI pulldown

(t-test difference=4) compared to the eYFP only control.

In order to determine if putative lipoprotein (Q88F99) was a true interactor of PHA-

related proteins, it was fused with eYFP, and subjected to APMS to identify its interacting

partners.

As the volcano plot in Figure 4.27 shows, the bait protein, Q88F99, was enriched over

32 fold compared to the eYFP-only control. Nine proteins were identified as enriched in

the Q88F99 pulldown, compared to the eYFP only negative control. (Table 4.27) None of

these proteins have been associated with PHA production in the cell, it seems likely that

the enrichment of Putative Lipoprotein (Q88F99) in previous screens may have been the

result of non-specific binding, and did not reflect a true interaction.

Peptidoglycan-associated lipoprotein (P0A138)

Peptidoglycan-associated lipoprotein (P0A138) had been selected as a granule associated

protein candidate in Chapter 3 of this thesis (Chapter 3, section 3.5.3) due to its presence

on the PHA granule. In the primary screen, it was identified as the sixth most enriched

protein in the PhaI pulldown set, with a t-test difference of 4.8. In order to clarify that

P0A138 did indeed interact with a phasin protein, it was fused with eYFP, and subjected

to APMS to identifiy its interacting partners.

130 proteins were identified as enriched in the peptidoglycan-associated lipoprotein

(P0A138) pulldown compared to the eYFP only control. (FDR=0.05, s0=0.1) Of these,
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P0A138 showed a significant enrichment (t-test difference=10), which ranked it the most

abundant protein in the subset, as was expected for the bait protein (Figure 4.27 ).

Another known interacting partner of peptidoglycan-associated lipoprotein (P0A138),

TolB (P0A173) was identified as significantly enriched in the P0A138 pulldown compared

to the eYFP only control (t-test difference 5.23)

PhaF (Q88D21), was enriched 8-fold in this pulldown. Although this is ranked as

the 20th most abundant protein in the pulldown, it is found exclusively in the P0A138

pulldown and was not detected at all in any of the eYFP pulldowns. Therefore, it seems

likely this is a bone fide interaction and not merely a background protein. PhaI (Q88D20)

was not detected in the P0A138 pulldowns. However, the interaction with PhaF alone,

shows there is a physical interaction between the PhaF-PhaI complex and P0A138.

4.4.7 Investigating the subcellular localisation of fusion proteins

Proteins that are hyopthesized to physically interact are likely to share the same subcel-

lular location. In order to test for this, we used confocal microscopy to investigate the

subcellular localisation of potential interactors, identified in the primary screen, to de-

termine if they were colocalising with the PHA granule. Cultures expressing the eYFP

tagged protein of interest were grown in PHA accumulating conditions, and harvested

after 24 hours.

The cultures were then stained with Nile red for 45 minutes. Nile red binds to lipids in the

cell, thereby staining polyhydroxyalkanoates. [91] It had previously been used by Naran-

cic et al, [107] to stain PHA granules in R.rubrum for fluorescence microscopy. The cells

were then fixed using 4% paraformaldehyde (PFA), to prevent cell decay prior to imaging.

PFA works by crosslinking molecules in the cell, preventing any further changes in the

cell. [151]. A comparative study using P. putida as a model organism, showed PFA to be

an effective fixation tool to preserve cell morphology. [152] Fixed, stained cultures were

then dropped on to a glass slide, Mowiol was added as a mounting medium and covered
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with a coverslip. These were then visualised using a Zeiss LSM 800 Airy microscope.

Each fixed culture had two fluorphores: a Nile red stain and an eYFP tagged pro-

tein. The aim was to determine if the eYFP-tagged proteins were localised to the Nile

red-stained PHA granules. The Nile red stain and eYFP actually have quite similar ex-

citation and emission profiles. (Figure 4.29) Nile red, in a non-polar environment, such

as surrounding PHA granules has an excitation maximum of 551nm and an emission

wavelength max of 638nm. [89] The fluorescence excitation maximum of eYFP is 513

nanometers and the corresponding emission maximum occurs at 527 nanometer. Hence,

the same blue lazer could be used to excite both fluorophores (488nm). This is shown in

Figure 4.29.

Figure 4.29: Fluorescence spectra of Nile red and eYFP. Excitation spectra are shown
in broken lines (yellow= eYFP, red= Nile red) Both fluorphores are excited by a 488nm
lazer (blue line).There is some overlap in the emission spectra of nile red (red) and eYFP
(yellow) emission spectra. The detection wavelength was set to 575-700nm for nile red
and 490-550nm for eYFP to avoid signal overlap

Since there is some overlap in the emission spectra between the two fluorophores, the

detection wavelength was adjusted to ensure each fluorophore signal could be isolated.

For Nile red images, the detection wavelength applied was 575-700nm. For eYFP im-

ages, the detection wavelength was set to 490-550nm. Although this did not include the

whole emission spectra for either fluorphores, it did ensure just one fluorophore was de-

tected in each image.

196



In order to determine if proteins were localising to the granule, several controls were

employed, so that the protein localisation patterns could be compared. Firstly, cultures

expressing the eYFP-only construct were screened. This served as a negative control,

as eYFP is known to disperse throughout the cell and not localise to the PHA granules.

eYFP previously been shown by Narancic et al, who expressed eYFP in R.rubrum and

observed eYFP as being evenly distributed throughout the cell. [107]

As Figure 4.30 shows, the eYFP signal is scattered throughout the cell, while the

Nile red stain is restricted to the granules only. Two positive controls were used, PhaI

(Q88D20) and PhaC1 (Q88D25), both of which are known to localise to the PHA gran-

ule. [40] As the microscopy images show, the eYFP-tagged proteins are localised to the

granule, and the overlap image shows an orange tone, indicating both eYFP and nile red

fluorophores are present. (Figure 4.30) The images in Figure 4.30 were processed from

images with a wider field of vision, and are representative of the general pattern observed

for each eYFP-fusion protein investigated. The unprocessed images of each microscopy

image are available in the Supplementary Information section of this thesis (Appendix

B.2).
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Figure 4.30: Fluorescent microscopy images of P. putida expressing proteins tagged
with enhanced yellow fluorescent protein (EYFP). (A) EYFP-tagged proteins recorded
using GFP filter (488nm) (B) Nile red stained PHB granules recorded using Nile red filter
(559 nm) EYFP-tagged proteins recorded using EGFP filter (C) Merge of the two images.
eYFP expressing alone was used as a negative control. Two known GAPs, PhaI and PhaC
were used as positive controls. Q88QZ5 and P0A138 co-localise to the granule.
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Pyruvate dehydrogenase E1 component (Q88QZ5) samples were then imaged using

the same approach. As Figure 4.30 shows, the eYFP signal from the tagged protein is

clearly localising to the PHA granule. Furthermore, the overlap image shows a distinct

orange tone, indicating both fluorophores are emitting from the same location.

Next, the putative lipoprotein (Q88F99) was investigated. In the eYFP channel, we can

see the protein is expressed throughout the cell, and does not localise to the PHA granule.

The overlap image shows that in the cell, the eYFP signal is strong in many places ex-

cluding around the granule. This indicates putative lipoprotein (Q88F99) is not a granule

associated protein.

Finally, peptidoglycan-associated lipoprotein (P0A138) was imaged. From Figure

4.30, we can see that the eYFP signal seems to overlap with the Nile red signal in the

merge channel, indicating co-localisation.

4.5 Discussion

4.5.1 Interactome of PHA related proteins

The physical interactions of PHA related proteins were mapped using an APMS approach

in order to gain a better understanding of how they are integrated in the cellular network.

Surprisingly, there was very little overlap in the identified potential interactors between

different PHA-related proteins.

The pulldown of the phasin PhaI (Q88D20) showed a significant enrichment (FDR=0.05,

s0=0.1) for PhaF , the only other known phasin in P. putida. This interaction between

PhaI and PhaF supported findings by Tarazona et al, who identified PhaI and PhaF as

interacting partners in a PhaF APMS experiment. [61]

However, excluding this interaction between PhaI and PhaF, no further interaction

was identified between any PHA-related proteins. One potential explanation is that any
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interactions between PHA-related proteins are transient and could not be detected using

affinity purification. To investigate this, a cross-linking experiment could be carried out.

Cross linking can ‘freeze’ protein-protein interactions, making it more likely that tran-

sient interactions would be detected.

An alternative explanation for protein-protein interactions not being detected between

PHA-related proteins is that although PHA-related proteins are co-localised on the PHA

granule, they may not physcially interact. PHA synthesis and degradation is a complex

system that is regulated at a transcriptional, translational and metabolic level. [153] There-

fore, components of the PHA metabolic pathway may be regulated independently of each

other and do not have any physiological reason to interact. This was previously investi-

gated by Tarazona, who used a two-hybrid approach to demonstrate that PhaF and PhaC1

do not interact in vivo [61].

4.5.2 Peptidoglycan-associated lipoprotein (P0A138) interacts with

PHA related proteins

Peptidoglycan-associated lipoprotein, P0A138, is part of the Tol-Pal system. It forms

a complex with four other members of this system which creates a network that links

the inner and outer membranes and the peptidoglycan layer. This complex is vital for

maintaining the integrity of the membrane [131]. It has also recently been shown that

this system is critical for peptidoglycan-cleaving enzymes to complete bacterial cell divi-

sion [132] P0A138 belongs to the pal lipoprotein family and is highly conserved within

the Pseudomonas family. Pfam shows that it has one known domain, OmpA, on the C-

terminal domain.

In this study, P0A138 was significantly enriched (FDR=0.05, s0=0.1) in the PhaI pull-

down, compared to the eYFP only control. Reverse pulldown analysis, using P0A138 as

a bait identified phasin protein PhaF as being significantly enriched in the P0A138 pull-

down, compared to the eYFP only control. PhaF and PhaI have been shown to form a
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complex in vivo [61]. Both of these phasins are known to localise to the granule, and mi-

croscopy studies show a distinct overlap of the eYFP tagged P0A138 and the Nile red of

the granule. (Figure 4.30) The localisation of P0A138 to the PHA granules is surprising,

considering this protein is known to play a role in maintaining cell membrane integrity.

This is the first time to our knowledge that this interaction between peptidoglycan-

associated lipoprotein (P0A138) and phasin proteins has been identified. However, P0A138

had been identified as a potential granule associated protein by Tarazona et al previ-

ously [61]. This association of P0A138 with the granule was also confirmed in our granule

isolation studies in the previous chapter of this thesis (section 3.4.3.3). Indeed, it was this

abundance on the granule that initiated our interest in P0A138.

Previous studies have looked at Tol-Pal mutants, however, the focus was primarily

on PHA recovery. Martinez et al, showed that in Tol-Pal mutants, P. putida cells were

more susceptible to lysis due to the altered membrane integrity, therefore allowing eas-

ier recovery of polyhydroxyalkanoates. [154] While peptidoglycan-associated lipoprotein

(P0A138) was not mutated in the Martinez study, the other four members of the Tol-Pal

family were. The mutation of other members of the Tol-Pal family resulted in no signifi-

cant difference was found in the amount of PHA accumulated. [154]

Further analysis is required to elucidate the nature of this protein interaction between

P0A138 and the two phasins proteins, PhaI and PhaF. In order to do this, a P. putida

mutant strain lacking the P0A138 gene would be generated. It would be informative to

compare the affect of P0A138 mutant on PHA production. The amount of PHA produced

in the wild-type strain compared to the P0A138 mutant could be analysed using gas chro-

matography. Also, confocal microscopy could be implemented to determine if there was a

difference in PHA granule structure between the wild-type P. putida and the P0A138 mu-

tant. PhaF has been shown to play a critical role in granule structure and segregation [61]

so if the interaction between P0A138 and PhaF is important for PhaF function, we would
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expect to see a change in granule shape and size.

4.5.3 Pyruvate dehydrogenase E1 component (Q88QZ5) has a role in

PHA production

Pyruvate dehydrogenase E1 component (Q88QZ5) was identified as a potential interact-

ing partner of PhaI (Q88D20) in the primary screen of these pulldowns. (Table 4.7) The

reverse pulldown of Pyruvate dehydrogenase E1 component (Q88QZ5) identified PhaF

as significantly enriched compared to the eYFP only control (Table 4.10) . In order to

confirm this, the tagged protein was then studied using confocal microscopy and found to

localise to the PHA granule. This finding confirms that Pyruvate dehydrogenase E1 com-

ponent (Q88QZ5) is physically linked to the PHA metabolism pathway. (Figure 4.30)

4.5.3.1 Pyruvate dehydrogenase complex structure

Pyruvate dehydrogenase E1 component (Q88QZ5) is a component of the pyruvate dehy-

drogenase complex. This complex is present in most prokaryotes and eukaryotes, and is

responsible for the conversion of pyruvate to acetyl CoA. [155]. Found in the cytosol, it is

composed of multiple copies of pyruvate dehydrogenase (E1), dihydrolipoamide acetyl-

transferase (E2) and lipoamide dehydrogenase (E3). In Gram negative bacteria, such as

P. putida, PDH has a well studied structure, with an E2 octahedral core, which has 24

subunits of E2 surrounded by 24 copies of E1 and 12 dimers of E3. The E2 subunits has

three domains; one inner domain that interacts with other E2 subunits to form the core of

the complex, a binding domain, to interact with the E1 and E3 components and a lipoyl

domain which couples the E1, E2 and E3 active sites by transferring an acetyl group and

reducing equivalents. [156] (Figure 4.31 A)
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Figure 4.31: Pyruvate dehdrogenase complex reaction (A) High-resolution cryo-EM
reconstruction of the inner E2p core in alignment with the low-resolution reconstruction
of the outer shell of the complex in E.coli [155] (B) Scheme of the reactions catalyzed by
the individual components of PDHc. Image adapted from Vskerlova et al, 2021 [155]

E1 has two domains, as identified by Pfam: a transketolase domain and a Pyruvate

dehydrogenase E1 component middle domain. Both of these domains are involved in the

binding of thiamin diphosphate, which pyruvate dehydrogenase is dependent on for its

activity.This enzyme catalyzes the first step of the reaction, the irreversible oxidative de-
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carboxylation of pyruvate. E2 subunit is responsible for transfer of the acyl group from

the lipoyl moiety to Coenzyme A, as shown in figure 4.31. Finally the E3 subunit is

responsible for reoxidation of the resulting dihydrolipoyl group. In summary, this com-

plex catalyses the conversion of pyruvate to acetyl-CoA. An overview of the reactions

described are summarised in Figure 4.31, B

4.5.3.2 Pyruvate dehydrogenase complex and PHA metabolism

The conversion of pyruvate to acetyl CoA by PDH is integral to PHA production, as it

provides the carbon source for de novo fatty acid synthesis pathway. Figure 4.32 shows

the metabolic pathway for production of PHA from glucose.

Acyl-CoA synthase has been shown to colocalise to the PHA granule when PHA is

accumulated in P. putida using fatty acids as a carbon source. [125] Acyl-CoA synthase

is the first step in the activation of fatty acids for the β oxidation cycle. The presence

of acyl-CoA synthase on the PHA granule has been hypothesised to help shunt fatty acid

intermediates towards PHA production [125]. The presence of pyruvate dehydrogenase

on the PHA granule may play a similar role in the de novo fatty acid synthesis pathway.

The activity of PDH complex has previously been shown to affect PHA production.

Borrero et al, 2014 found that there was a 33% increase in PHA production when pyruvate

dehydrogenase E1 subunit was overexpressed in P. putida cells, grown in glucose. [157].

In comparison, Zhang et al, 2021 did not find a significant difference in PHA accumu-

lation when the pyruvate dehydrogenase subunit E1 was overexpressed using a promoter

engineering strategy, although there was a slight increase in PHA levels. [158]

Further links between the PDH and PHA production have been observed. For instance,

three proteins of the phosphenolpyruvate-carbohydrate phosphotransferase system, INtr

(EINtr; encoded by ptsP), NPr (ptsO), and EIINtr (ptsN) , have been shown to control the

intracellular accumulation of PHAs. [69]. Mutants of two of these proteins, INtr (EINtr;

encoded by ptsP), NPr (ptsO) show a decreased ability to produce PHA. In contrast, cells
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Figure 4.32: The biosynthetic pathway for PHA from pyruvate incorporating de novo
fatty acid biosynthesis The red box denotes the reaction PDH catalyses. (1) acetyl-CoA
carboxylase (ACC); (2) malonyl-CoA:ACP transferase (FabD); (3) 3-ketoacyl-ACP syn-
thase (FabB); (4) 3-ketoacyl-ACP reductase (FabG); (5) 3- hydroxyacyl-ACP dehydratase
(FabA); (6) enoyl-ACP reductase (FabI); (7) acyl-ACP thioesterase; (8) 3-hydroxyacyl-
ACP:CoA transferase (PhaG); (9) PHA polymerase (PhaC); (10) PHA depolymerase
(PhaZ) Image adapted from Rehm et al, 2001. [53]
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lacking the EIINtr (ptsN) protein show an increase in the intracellular accumulation of

PHA. It was hypothesised that low amounts of this ptsN protein may act as a detector

for excess carbon, and hence its deletion results in more PHA accumulation. This was

reflected in previous work in this thesis , whereby the levels of ptsN were significantly

decreased in PHA accumulating conditions (Nitrogen limitation) versus non-PHA accu-

mulating conditions (Nitrogen excess). (Supplementary Information, Appendix B.3)

Interestingly, this same protein has been shown to regulate the PDH complex. Pfluger

et al, 2011 showed that decreased levels of ptsN leads to increased PDH activity, in P.

putida. [159]. This resulting increased carbon flux may be what leads to increased PHA

production.

The study by Pfluger et al, also revealed that the PDH complex and ptsN are colocalised

within the cell. However, they did not look at the localisation of ptsN and the PDH

complex in relation to PHA granules. Our microscopy studies (Figure 4.30) show that

pyruvate dehydrogenase E1 component (Q88QZ5) is localised to the PHA granule. Inhi-

bition of PDH complex by ptsN may be what links the accumulation of PHA with ptsN

levels. In order to investigate this further, it would be insightful to tag both ptsN and

PDH with fluorescent tags and compare their localisation to the PHA granule in nitrogen

limited and nitrogen excess conditions.

In order to study the physical interaction between pyruvate dehydrogenase E1 com-

ponent (Q88QZ5) and phasin proteins PhaF and PhaI further, surface plasma resonance

(SPR) could be using to determine the binding affinity of the proteins. Pyruvate dehydro-

genase E1 component (Q88QZ5) would be extracted using the eYFP affinity tag previ-

ously used for affinity purification. The purified pyruvate dehydrogenase E1 component

(Q88QZ5) could then be immobillised on a gold sensor surface and both PhaI and PhaF

in solution would individually be injected over the surface. The interaction of Q88QZ5

with PhaI and PhaF could be recorded to compare the binding affinity each phasin has for

Q88QZ5.
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It would also be interesting to examine if the localisation of PDH E1 to the PHA

granule is dependent on the carbon source used in the growth of P. putida. As shown

in Figure 4.32 above, pyruvate dehydrogenase plays an essential role in providing acetyl

co-A to the de novo fatty acid pathway to produce PHA. When fatty acids are used as a

carbon source, PHA is a accumulated via a β oxidation route, and pyruvate dehydroge-

nase is not required to convert pyruvate to acetyl Co-A. If the localisation of PDH E1 is

dependent on the carbon source used, it may explain why this enzyme was not detected

in previous granule isolation studies, which used fatty acids as a carbon source [61]. To

do so, fluorescence microscopy would be carried out on PDHE1 fused with eYFP to de-

termine if there is a change in localisation patters when grown on different carbon sources.

4.5.4 Conclusion

By mapping the physical interactions of PHA-related proteins, we have identified two pro-

teins (pyruvate dehydrogenase E1 component (Q88QZ5) and Peptidoglycan-associated

lipoprotein (P0A138)) that interact with phasin proteins, PhaF and PhaI. We have also

confirmed that both pyruvate dehydrogenase E1 component (Q88QZ5) and Peptidoglycan-

associated lipoprotein (P0A138) are localised to the PHA granule.

Of particular interest is the finding that pyruvate dehydrogenase E1 component (Q88QZ5)

interacts with phasin proteins PhaI and PhaF and is co-localised to the PHA granule in

vivo (Figure 4.30) This provides an interesting link between central carbon metabolism

and PHA production.
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Chapter 5

Discussion

Since there is an increased interest in more environmentally friendly alternatives to petro-

chemical plastics, there is a growing demand for polymers which are made from renew-

able resources and are compostable. PHAs offer an attractive alternative to petrochemical

based polymers, but their cost of production has hindered their integration into the plastic

market.

In order to enhance the production of PHAs in bacteria, a better understanding of their

biosynthetic pathways is required. In this thesis, we set out to develop a better understand-

ing of PHA production in P. putida KT2440, using proteomic techniques.

Chapter 2 of this thesis aimed to investigate how the P. putida proteome changes in

response to PHA production. This involved comparing the relative expression levels of

proteins in P. putida in PHA accumulating (nitrogen limited) and PHA non-accumulating

(nitrogen excess) conditions using mass spectrometry. We identified an upregulation of

ABC transporters in response to nitrogen deficiency in P. putida cells grown using glu-

cose as a carbon source in nitrogen deficiency conditions. This supported findings of

previous research groups that ABC transporters are upregulated in nitrogen limited con-

ditions. [11] [10]

Further research is currently being undertaken in our research group to determine if this



increase in ABC transporters is as a response to nitrogen limitation or PHA accumulation.

To do so, proteomic analysis will be carried out on several P. putida mutant strains includ-

ing a PhaC knockout which is incapable of accumulating PHA. The strains will be grown

using both phosphorous and nitrogen as limiting nutrients to determine if the upregulation

of ABC transporters is still seen when PHA is not being accumulated.

We also noted a significant upregulation of phasin proteins PhaI and PhaF, in PHA

accumulating conditions in the stationary phase of growth. This corresponded with pro-

teomic data from other research groups such as Nikodinvic et al, [11]. These phasin pro-

teins are some of the most abundant proteins on the PHA granule (as shown in Chapter 3

of this thesis) and have been shown to be critical to the correct formation and segregation

of PHA granules. [40]

PhaC1 and PhaC2 showed similar expression levels in nitrogen limited conditions,

despite previous studies demonstrating PhaC1 is the main active synthase. Further inves-

tigation is required to elucidate the activity of PhaC1 and PhaC2 in P. putida when grown

using glucose as a carbon source. This would include creating knockouts of both PhaC1

and PhaC2 and investigating the effect on PHA production in the presence of different

carbon sources. Given that phosphorylation has been shown to modulate the activity of

PhaC1 in R.eutropha, we would also like to investigate if post translational modifications

play a role in the activity of PhaC1 and PhaC2 in P. putida in vivo.

In Chapter 3, we investigated the proteins associated with the PHA granule in P.

putida. This was carried out by isolating the PHA granule using a glycerol gradient ap-

proach and identifying the proteins present in the granule layer using mass spectrometry.

Over 1,000 proteins were identified in the granule fraction. This work was complicated

by the diversity in granule associated proteins, so one set of criteria could not be used to

define whether a protein is granule-associated or not. The difficulty in deciphering true

granule associated proteins from false positives highlighted the importance of using a sec-
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ondary independent experimental method to validate proteomic data. In order to do so, we

identified two proteins which were considered high confidence potential GAPs: pyruvate

dehydrogenase E1 subunit (Q88QZ5) and peptidoglycan-associated protein (P0A138) and

subjected them to further analysis in Chapter 4.

In the final chapter of this thesis, we explored specific protein-protein interactions

of PHA-related proteins using an affinity purification mass spectrometry approach. We

identified 79 potential interactors of PHA-related proteins that were statistically robust.

Two proteins identified in Chapter 4 as potential GAPs, pyruvate dehydrogenase E1 sub-

unit (Q88QZ5) and peptidoglycan-associated protein (P0A138), were also identified as

potential interactors of phasin proteins in P. putida. These interactions were validated

using reverse pulldowns and the co-localisation of the proteins verified using confocal

microscopy.

We only observed one interaction between known PHA-related proteins, PhaI and

PhaF, an interaction which had previously been described as Tarazona et al [61]. The

low number of interactions identified between PHA-related proteins could be explained

in a number of ways. They may interact transiently between each other, and these subtle

interactions can not be detected using our method of mass spectrometry identifications.

To investigate this, a cross-linking experiment could be carried out to identify transient

interactions by ‘freezing’ protein-protein interactions. However, an alternative explana-

tion is that although PHA-related proteins are involved in the same pathway, they do not

physically interact with each other. This was also previously investigated by Tarazona,

who used a two-hybrid approach to demonstrate that PhaF and PhaC1 do not interact

in vivo [61]. Given the complex regulation of the pathway, there is no physiological

reason for PHA-related proteins to interact. Once again, this highlighted the fact that co-

localisation alone is not proof of a protein-protein interaction.

We identify for the first time, the co-localisation of the E1 subunit of the pyruvate
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dehydrogenase complex to the PHA granule, and its interaction with phasin proteins of P.

putida. This interaction provides a potential link between central carbon metabolism and

PHA production in P. putida. We hypothesise that the localisation of the pyruvate dehy-

drogenase complex to the PHA granule may make acetyl-CoA more likely to be shunted

towards the PHA pathway via the de novo fatty acid synthesis pathway. This would be

similar to the presence of acyl-CoA synthase on the PHA granule, which is the first step

in the activation of fatty acids for the β oxidation cycle is present [125].The interaction

of the pyruvate dehydrogenase complex with components of the PHA machinery, along

with the key findings of this thesis are summarised in the schematic overview in Figure

5.1.

Figure 5.1: Schematic overview of GAPs and putative GAPs of P. putida to date.
Blue arrows indicate proteins previously identified as GAPs. [61], [40] Orange arrows
indicate GAPs identified in this study. Broken blue lines indicate previously identified
protein-protein interactions [61], broken orange lines indicate protein-protein interactions
identified in this study. Green arrows indicate the protein is upregulated under PHA ac-
cumulating conditions.

While this work has identified the interaction between the E1 subunit of the pyruvate

dehydrogenase subunit and components of the PHA metabolism pathway, further work is
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required to elucidate the nature of these interactions. The APMS of the PDH E1 subunit

could be repeated in P. putida cells grown in non-PHA accumulating conditions, and in

PHA accumulating conditions using fatty acids as a carbon source. This would allow us to

investigate if the interaction between PDH E1 and phasins is dependent on carbon source

conditions or PHA accumulating conditions. Experiments are ongoing in our research

group to create a pyruvate dehydrogenase E1 subunit knockout mutant in P. putida. The

PHA production capability of this mutant will be compared to the wild-type P. putida

strain, to determine the effect PDH E1 subunit has on PHA production.

In summary, by using modern proteomic approaches, this research has provided new

insights into how mcl-PHA is produced in P. putida. We hope this is a step towards

engineering a more efficient strain of PHA- producing P. putida.
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Appendix A

Supplemental Information

A.1 Restriction Digests



Figure A.1: QC report of PhaC1-eYFP plasmid

214



Figure A.2: QC report of PhaZ-eYFP plasmid
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Figure A.3: QC report of PhaI-eYFP plasmid

216



Figure A.4: QC report of Q88C91-eYFP plasmid
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Figure A.5: QC report of Q88QZ5-eYFP plasmid
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Figure A.6: QC report of P0A138-eYFP plasmid
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Figure A.7: QC report of Q88F99-eYFP plasmid
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Figure A.8: QC report of eYFP plasmid
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A.2 Microscopy Images

Figure A.9: Raw images of eYFP expression in P.putida
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Figure A.10: Raw images of Q88QZ5 expression in P.putida
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Figure A.11: Raw images of Q88F99 expression in P.putida
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Figure A.12: Raw images of Q88D25 expression in P.putida
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Figure A.13: Raw images of P0A138 expression in P.putida
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Figure A.14: Raw images of Q88D20 expression in P.putida
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A.3 Granule Enriched Proteins
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Table A.1: Proteins enriched in the PHA granule fraction compared to the whole proteome

Protein Code
Protein Name

Rank

NExcess

Rank

NLimited

%Granule

Intensity
Tarazona

Nlim

Enrich >

2

Signal

IP5.0

%

disorder

Q88D20 Poly granule-associated protein 14 3 0.038 1 1 0.006 23.74

Q88D21 PHA granule-associated protein GA2 568 5 0.028 1 1 0.009 85.44

Q88L46 Outer membrane porin F 467 1 0.027 1 1 0.994 30.23

Q88QZ5
Pyruvate dehydrogenase

E1 component
161 13 0.011 1 0.004 6.469

DNAK Chaperone protein DnaOS 7 31 0.011 1 0.016 13.72

RPOC
DNA-directed RNA polymerase

subunit beta’
422 21 0.008 1 0.005 5.003

RPOB
DNA-directed RNA polymerase

subunit beta
249 26 0.008 1 0.003 2.947

EFTU2 Elongation factor Tu-B 1 14 0.030 1 0.005 9.068

CH60 60 kDa chaperonin 2 15 0.016 1 0.022 10.07

Q88CY3 Glutamine synthetase 57 8 0.014 1 0.002 4.914

ATPA ATP synthase subunit alpha 17 9 0.013 1 0.004 9.338

OTCC Ornithine carbamoyltransferase 4 6 0.010 0.002 11.3
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ARCA Arginine deiminase 3 4 0.010 0.007 7.434

ATPB ATP synthase subunit beta 9 7 0.009 1 0.009 6.55

Q88FS2 Isocitrate dehydrogenase [NADP] 66 123 0.009 0.015 5.502

Q88NR4
Branched-chain amino acids ABC

transporter leucine binding subunit
8 208 0.007 0.999 12.66

RL7 50S ribosomal protein L7/L12 37 33 0.007 0.022 36.36

Q88M03 30S ribosomal protein S1 26 12 0.006 0.048 8.333

RL3 50S ribosomal protein L3 356 86 0.006 1 1 0.006 16.58

RL1 50S ribosomal protein L1 54 511 0.005 0.006 11.25

SUCC Succinate–CoA ligase subunit beta 24 11 0.005 0.024 8.762

Q88FB3 Succinate–CoA ligase subunit alpha 10 16 0.005 0.017 8.762

NDK ucleoside diphosphate kinase 21 141 0.005 0.007 9.219

ACP cyl carrier protein 48 251 0.005 0.002 16.66

EFTS Elongation factor Ts 11 58 0.004 0.018 8.362

RL10 50S ribosomal protein L10 189 89 0.004 0.004 12.65

RS8 0S ribosomal protein S8 92 842 0.004 0.005 27.69

Q88F96
Electron transfer flavoprotein

subunit beta
25 555 0.004 0.031 4.417
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Q88LR9
Organic hydroperoxide

resistance protein
15 436 0.004 0.105 39.43

CH10 10 kDa chaperonin 58 669 0.003 0.019 38.14

Q88NW9 Alkyl hydroperoxide reductase C 6 42 0.003 0.004 17

RS2 0S ribosomal protein S2 46 67 0.003 1 0.002 13.06

RL30 50S ribosomal protein L30 728 1175 0.003 0.009 13.79

Q88F81
Outer membrane

ferripyoverdine receptor
167 18 0.003 1 0.511 10.22

RS10 30S ribosomal protein S10 69 777 0.003 0.005 12.62

RL6 0S ribosomal protein L6 250 363 0.003 0.008 24.29

FTSZ Cell division protein FtsZ 140 510 0.003 1 0.018 19.59

Q88QD6 Biotin carboxylase 125 101 0.003 0.006 6.651

Q88GV6 Uncharacterized protein 68 236 0.003 0.988 25.38

RL11 50S ribosomal protein L11 136 928 0.003 0.071 46.85

RL4 0S ribosomal protein L4 218 165 0.003 0.008 30

RL23 50S ribosomal protein L23 339 1156 0.003 0.010 37.37

RL19 50S ribosomal protein L19 404 315 0.002 0.005 21.55
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RPOA
DNA-directed RNA polymerase

subunit alpha
40 49 0.002 0.009 18.31

RL29 50S ribosomal protein L29 493 218 0.002 1 0.005 40.62

Q88CE7 Activator of NRII phosphatase 103 52 0.002 0.005 14.28

RS6 0S ribosomal protein S6 33 771 0.002 0.012 46.8

Q88K29 Nucleic acid cold-shock chaperone 28 354 0.002 0.004 35.71

RL25 50S ribosomal protein L25 30 79 0.002 0.009 23.35

Q88NJ7 DNA-binding stress protein 80 106 0.002 0.001 13.37

A0A140FW57 Ribosome modulation factor 468 1667 0.002 0.024 36.61

TIG Trigger factor 71 155 0.002 1 0.005 16.01

EFP Elongation factor P 63 342 0.002 0.005 19.04

Q88BY9 DUF43 domain-containing protein 38 95 0.002 0.002 10.67

Q88CU5 Malic enzyme B 35 201 0.001 0.013 9.478

Q88F97 Electron transfer flavoprotein subunit 22 810 0.001 0.053 3.559

RL32 50S ribosomal protein L32 330 1893 0.001 0.008 100

Q88FB1 Dihydrolipoyl dehydrogenase 233 19 0.001 1 0.139 4.184

Q88M42 Cell division inhibitor MinD 137 486 0.001 0.022 14.07

Q88CG6 Thioredoxin 39 504 0.001 0.004 20.18232



Q88HC9 ThiJ/PfpI family protein 102 207 0.001 0.046 11.4

ENO nolase 44 413 0.001 0.013 17.01

Q88CX2
Carboxy-terminal-processing

protease
186 365 0.001 0.979 29.9

Q88P55 Uncharacterized protein 151 686 0.001 0.027 21.83

Q88P54 Carbamate kinase 77 698 0.001 0.089 10.03

ATPE ATP synthase epsilon chain 281 258 0.001 0.018 26.61

GRPE Protein GrpE 70 358 0.001 0.001 26.48

RL9 0S ribosomal protein L9 74 824 0.001 0.011 16.89

Q88DM2 Serine-type D-Ala carboxypeptidase 376 122 0.001 1 1 0.997 12.69

Q88CB4 Putative cytochrome c5 478 791 0.001 0.993 43.57

Q88IB0 Uncharacterized protein 202 146 0.001 0.020 33.88

PGK hosphoglycerate kinase 96 442 0.001 0.003 6.976

Q88FA8 Succinate dehydrogenase iron subunit 248 116 0.001 0.015 25.64

A0A140FWU0 WU0 PSEPUncharacterized protein 82 923 0.001 0.015 10.99

Q88ES5 Flagellin 41 302 0.001 1 0.018 16.73

Q88RM9 Carbonic anhydrase 120 195 0.001 0.007 14.64

Q88LL6 3-oxoacyl reductase 138 191 0.000 0.114 7.723233



Q88L05 Universal stress protein 50 648 0.000 0.005 16.43

Q88GY0 Thiol peroxidase 83 937 0.000 0.016 24.09

Q88BZ2 Uncharacterized protein 36 1543 0.000 0.086 33.67

Q88IC0 Peptidyl-prolyl cis-trans isomerase C 95 1306 0.000 0.018 32.25

HPF ibosome hibernation promoting factor 59 1198 0.000 0.002 35.29

Q88R98 Alkyl hydroperoxide reductase C 260 505 0.000 0.004 18.39

Q88RK7 Uncharacterized protein 227 1889 0.000 0.993 37.89

COAD
Phosphopantetheine

adenylyltransferase
241 1599 0.000 0.006 16.77

Q88CL5 NLPA lipoprotein 280 1828 0.000 0.997 10.72

Q88NV5 Cold shock protein CapB 307 941 0.000 0.003 27.53

GREA Transcription elongation factor GreA 188 1210 0.000 0.038 34.37

Q88MQ2 Uncharacterized protein 350 1236 0.000 0.974 35.08
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