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ABSTRACT 

Porins are transmembrane proteins within the outer membrane of gram-negative 

bacteria that allow nutrients, and small molecules, including antibiotics, to enter 

the cell. Electrophysiological studies on porins reconstituted in lipid bilayers have 

suggested a dynamic regulation of porin conductance through changes in the ionic 

environment. Thus, this thesis focuses on understanding porin permeability 

regulation in live bacteria, employing Escherichia coli as a model organism. 

Firstly, using a flow cytometric method that I developed, I showed that the uptake 

of a fluorescent glucose analogue, and other porin-dependent compounds, was 

modulated by changes in the internal H+ and K+ levels (achieved using ionophores 

and different external solutions). I then exploited an optically activated proton 

pump to increase periplasmic H+ and demonstrate that this reduced porin 

permeability (monitored by live single-cell imaging). In support of a model 

dependent on changes in periplasmic ions, molecular dynamic simulations suggest 

that the pore diameter of porins is predicted to be reduced by increased 

periplasmic H+ ions. 

Secondly, I examined the dynamic regulation of internal ions in live bacteria by 

expressing a wide range of genetically encoded fluorescent ion sensors in cells 

trapped in a microfluidic device. I found that the periplasmic ionic environment is 

partially insulated from the external ion concentrations and observed oscillations 

in periplasmic and cytosolic H+ and cytosolic K+ ions. I observed that inner 

membrane voltage is principally controlled by H+ and K+ gradients and is 

characterised by spikes (or action potentials) driven by activation of the voltage-

gated potassium channel Kch, which acts to increase periplasmic H+ and K+ levels 

and, as a consequence, increases porin permeability.  
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By examining ion changes and porin permeability of bacteria under starvation or 

in minimal media supplemented with low or high glucose levels or lipids, I 

developed a model for metabolic control of porin function. Under starvation (with 

predicted low levels of periplasmic H+ and K+), porins are open. Porins shut when 

bacteria are exposed to low glucose or lipid media (where periplasmic H+, but not 

K+ levels rise). However, under conditions of high metabolism, porins open again 

(since Kch is activated, leading to low H+ and high K+ levels in the periplasm).  

Thirdly, I tested my model's predictions and clinical relevance by examining the 

permeability and susceptibility of ciprofloxacin (an antibiotic known to rely on 

porins for entry into bacteria). As expected, uptake and subsequent activity of 

ciprofloxacin was significantly lower in lipid compared to glucose media and could 

be increased by increasing bacterial H+ levels. Ciprofloxacin uptake was higher in 

wild type bacteria cells exposed to high rather than low glucose, and this 

phenomenon relies on Kch activity. My work demonstrates dynamic regulation of 

porin permeability, which will have important clinical implications for antibiotic 

development and for potentially explaining the increase in antibiotic resistance 

seen in lipid media (and intracellular bacteria) and the development of deleterious 

mutations in central metabolism genes during adaptation to antibiotic treatment.  

Finally, I examine the biological impact of the only intrinsically produced 

protonophore, indole. I describe two patterns of indole production depending on 

the carbon source: glycolytic sugars trigger a strong indole pulse, while 

gluconeogenic carbon sources result in steady indole production. These 

behaviours are mainly controlled by modulating the synthesis of tryptophanase, 

which is responsible for indole production. I show that indole production 

modulates the membrane potential, suggesting a potential role in regulating porin 

permeability and other bacterial processes.  



vi 

The work presented here constitutes a great leap forward in our understanding of 

the role and functions of the periplasmic space. Future research could use our 

results for the development of adjuvant molecules that take advantage of our 

framework to increase permeability to antibiotics.
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Introduction 

 Bacteria 

Bacterial are one most diverse domains of life. The number of different species 

ranges between 10-1000 billion approximately1–3. A great deal of their success 

emerges from their structural simplicity4. The basic components of a bacteria are 

a DNA chromosome, the ribosomal machinery and a semi-crystal fluid called 

cytosol, where enzymes and proteins carry out the metabolic activity. This 

microcellular structure is then surrounded by a lipid membrane that isolates these 

internal components from the environmental changes and a cell wall of 

peptidoglycan, a strong polymer that protects the cell from osmotic changes5. 

Upon this cell wall, we find that all but three of the 30 bacteria phyla also have an 

outer layer6. 

 The definition of Gram-negative bacteria 

The classification of Gram-negative and Gram-negative species was proposed for 

the first time in 1884 by Hans Gram, who described the Gram staining method7. 

This technique stained bacteria with crystal violet. When this pigment contacts the 

bacterial cell wall, it strongly binds the peptidoglycan chains and thus makes 

bacteria visible on a light microscope. Interestingly, a quick wash with alcohol 

removes most of the dye from some bacteria – these are then called gram-

negative, but not other. The bacteria that retain the crystal violet attached to their 

cell wall, the gram-positive, is due to their much thicker peptidoglycan compared 

to gram-negative. 

Even though this classification does not represent a monophyletic group (deriving 

from one common ancestor), it is still widely used today. Gram-negative bacteria 

are classified into ten super-groups: proteobacteria, cyanobacteria, spirochetes, 

green-sulphur bacteria, chloroflexi, bacteroides, planctomycetes, chlamydia, 
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micrococci, and thermotogae8. Of all these groups, the most relevant to humans is 

the proteobacteria because they are the most numerous and relevant. 

The phylum of proteobacteria is by far the largest and most metabolically diverse 

of all bacterial phyla9. Due to this incredible diversity, they were named 

Proteobacteria, after Proteus, a Greek god capable of assuming many different 

shapes10. For example, it is possible to find chemolithotrophic, 

chemoorganotrophic, and phototrophic species among them9. Thus, the phylum 

is defined primarily in terms of the highly conserved ribosomal 16S-RNA (rRNA) 

sequences. Nevertheless, our understanding of bacteria comes from very few 

species that are used as model organisms with the hope that data, models and 

theories generated will be applicable to other organisms. Among them, the most 

prominent and widely studied is the γ-proteobacteria Escherichia coli (E. coli). 

Escherichia coli 

The prominence of E. coli as a major model organism in biology stems from how 

easy it is to work with it, isolate, and genetically manipulate it. Most of the strains 

can quickly grow on many different nutrients11. As a result, it became the organism 

of choice for many pioneering works in biology, including deciphering the genetic 

code, the beginnings of molecular biology on transcription and the research of 

cellular replication12–14. Another interesting feature of this model organism is that 

we can find examples of both pathogenic strains such as E. coli H157:H7 and mild 

human symbionts such as the variant E. coli K-12. This means it is possible to study 

many properties of clinical strains using a safer close relative species. In nature, E. 

coli mainly lives in the lower guts of mammals, where it typically constitutes 

between 0.1–5% of the community. It is also found, albeit less commonly, as part 

of the microbiomes of other animals as well as on the soil15,16. 
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 The bacterial outer membrane 

 
Figure 1.1: Gram-negative outer membrane structure. 

The outermost layer of the cell envelope is composed primarily of lipo-polysaccharides (see upper 
box). Porins (represented in blue) are required for the uptake of small molecules. These channels 
work as passive transporters. The periplasm (PM) contains the peptidoglycan layer. Finally, the 
transport across the inner membrane is tightly controlled by active transporters and antiporters 
(pink). Diagram prepared with BioRender. 

The defining feature of gram-negative bacteria such as Escherichia coli (E. coli) is 

the presence of an outer membrane 17. The outer membrane acts as a selective 

permeability barrier protecting the cell from harmful chemicals and antibiotics. In 

contrast to the inner membrane, this lipid bilayer is asymmetric, which means the 

inner leaflet composition differs from the outer (Figure 1.1)18. The upper side is 

populated with long lipopolysaccharide (LPS) chains covalently bound to a lipidic 

core composed of phospholipids and Lipid A8. Due to the bulky size of the LPS 

chains, divalent cations such as calcium and magnesium intercalate between the 

LPS molecules to stabilise the membrane19. In addition, a lateral cross-binding 

network seals any gap on the membrane. On the lower leaflet, the lipid 

composition results are more similar to the inner membrane20,21.  
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The thickness of the outer membrane generates a thick barrier that slows down 

the traffic of many solutes. Unlike other biological membranes, the outer 

membrane also excludes hydrophobic compounds due to the long carbohydrate 

chains of LPS22–24. As a consequence, the bacteria express a set of pores, called 

porins, that facilitate the transport of nutrients and small molecules to the 

inside25,26. This dependence is evident by the co-evolution of porins with the outer 

membrane17. 

 The evolution of double membranes 

Although the bacterial envelope is one of the oldest and most essential bacterial 

components27, its evolutionary emergence is not clear cut. Even today, it remains 

disputed whether gram-positive (monoderm) or gram-negative (diderm) came 

first 8,17,28–30. The enormous variability in gram-negative and outer membrane 

compositions also blurs the origins of double membranes. 

Early hypotheses tried to explain the outer membrane's development through an 

endosymbiotic event between an ancient actinobacterium and an ancient 

clostridium29,31,32. However, the current leading theories are that a single 

membrane organism developed a secondary membrane in response to chemical 

stress30,33. A plausible mechanism for this would be the formation of 

endospores8,30,34,35. This idea finds support in the highly conserved sequence of β-

barrel porins, which form an integral part of the outer membrane, and Hps70 

proteins, which constitute the most conserved protein family present in all 

organisms33,36–38. Moreover, cryo-electron microscopy images have revealed that 

some double membrane bacteria can form endospores39. Still, the outer 

membrane could have evolved independently on more than one occasion because 

of the selective advantage it confers40. This theory would explain why the 
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Corynebacterium phyla have such a distinct double-membrane despite having 

close genetic proximity to other gram-positives8,39,40. 

Another possibility is that a double membrane organism sits at the root of the 

gram-positives so that dropping the outer membrane gives way to monoderm 

organisms8,17,27. This hypothesis finds support in the fact that some firmicutes, 

considered as the classic example of monoderm bacteria, do actually contain a 

mixture of monoderm and diderm cell envelopes17. 

 The function of the outer membrane 

As I have mentioned above, the outer membrane is the first line of defence against 

environmental threats. The dense LPS cover effectively reduces the rate at which 

toxins and antibiotics can cross to the inside41,42. In fact, it has been demonstrated 

that bacteria can remodel the LPS composition as a response to chemical 

treatments, leading to the emergence of resistant bacteria22,23. Therefore, most 

drugs access the cell through the mediation of porins25,26,43. As expected, 

mutations in the porin structure or their regulatory regions are frequently found 

in antibiotic-resistant bacteria. These kinds of adaptation in bacteria are so 

frequent that they can be easily induced in the lab by exposing bacteria to 

antibiotic treatment during a few generations44–46. 

The outer membrane porins are wide, non-specific pores that facilitate the 

transport of nutrients and other small molecules, including most antibiotics, across 

the membrane 25,26. In addition, there are some cases of molecule specific porins, 

such as the siderophore fhuA, specialised in metal ion uptake, and phospholipid 

transporters such as mlaC25,26,47,48. 

Beyond its role as a barrier against external molecules, the outer membrane also 

has other vital functions. It also plays a crucial role in the cellular adhesion to 

abiotic surfaces and living cells49,50. This interaction is essential for both pathogen's 
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adhesion and symbiont colonisation51–54. Moreover, when interacting with other 

bacteria, the outer membrane mediates the cell-to-cell contact and promotes 

biofilm formation55–59.  

Finally, the outer membrane creates an inter-membrane space called the 

periplasm. The presence of this extra membrane creates a space where the 

bacteria can potentially accumulate ions independently of the environment. This 

ion accumulation in the periplasm generates a membrane potential across the 

inner membrane that can be used by the cell as a source of energy9. 

 The periplasmic environment 

The periplasmic chamber represents the space between the two membranes of 

the cell. In general, this area accounts for 15–20% of the total bacterial volume60. 

Here is where the peptidoglycan cell wall is located. This polymer is mainly 

composed of alternating N-acetylglucosamine and N-acetylmuramic acid61. 

However, it also contains non-conventional amino acids such as D-glutamic acid 

and D-alanine, which protects the structure from the degradation of most 

peptidases62. Moreover, lateral bounds among chains and the outer membrane 

strengthen this cellular exoskeleton. 

Another significant feature of the periplasm is its lower pH which creates a highly 

reductive environment. That means the periplasmic space allows the bacteria to 

perform chemical transformation requiring extreme conditions, performing a role 

similar to the endoplasmic reticulum of eukaryotic cells63. The source of high 

proton concentration lies in the electron transport chain system of the inner 

membrane61. This group of proteins transform the chemical energy of nutrients 

into a proton gradient between the cytoplasm and the periplasm. This process will 

be explained in detail in section 1.4.4.6. 
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 Porins and pore-like proteins 

Porins are required for hydrophilic molecules to cross the outer membrane. 

However, porins are not limited to gram-negative bacteria, but they also appear 

in other bacteria species, such as the genus mycobacterium8,33,64. Depending on 

the bacteria species and the growth conditions, the average gram-negative have 

about 105 porins on their outer membrane65. These proteins are mostly found as 

trimers, and although the term porin refers to non-specific channels, some solute 

specific porins have been described. Within the context of E. coli, the most 

relevant selective porins are LamB, FcaA and BtuB25,26. Regarding the non-specific 

channels, the most relevant are OmpF, OmpC, and PhoE25,26. Initially, porins were 

described as simple open channels, but recent works on their electrochemical 

characteristics have revealed their interesting properties beyond simple passive 

diffusion66. 

1.3.4.1 Structure and function of porins 

The defining characteristic of all porins is their β-barrel structure that forms the 

pore. This cylinder shape is formed by 16 or 18 anti-parallel strands67–69. Generally, 

porins with 18 strands act as specific channels, while non-specific channels have 

16. Each of these single pores aggregates spontaneously into homo-trimers (Figure 

1.1A and B). Molecular dynamics simulation has shown that LPS molecules may 

support the trimeric assembly of OmpF70. 

Moreover, the crystal structure of many porins has been reported71,72. The 3D 

model shows that the anti-parallel β-strands are connected by highly mobile long 

loops that protrude into the extracellular side and short loops towards the 

periplasmic side. Interestingly, the third periplasmic loop, the L3-loop, folds into 

the channel and creates a constriction zone (Figure 1.1C)44,67,73–77. This narrow 

tunnel favours the interaction between the amino acid charges of the L3 loop and 

the solute, which effectively creates an electrostatic filter73. 
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The filtering properties of the constriction zone are specific for each porin. For 

example, OmpF has a weak cation bias, while PhoE selects for anions78–80. 

Nevertheless, the pore size compromises the filter efficiency because the wider 

the pore, the less pore solute interaction. The OmpC porin also has a cation bias, 

yet the difference in charged amino acids on the L3 loop and the wider pore size 

decreases its cation selectivity81. Finally, it is important to bear in mind that ion 

selectivity is dependent on both the protein channel and the medium flowing 

through it.  

 
Figure 1.2: Cartoon diagram of the OmpF crystal structure. 

A) Cartoon representation of an OmpF porin triplet lateral view. B) Top representation of OmpF 
triplet C) Sideview of a monomer cut midway through the protein. Area 1 indicates the external 
“vestibule”, area 2 the constriction region, and 3 the periplasmic vestibule. Around the 
constriction region, the pore diameter reaches a minimum between 2-1 nm. The internal L3 loop 
is highlighted in blue. This structure was taken from 2ZFG PDB82. Diagram was prepared with the 
PDB 3D viewer. 

Protonation effect on porin 

Numerous studies have shown the influence of protonation and ionisation on 

porin permeability66. The first factor associated with porin permeability was pH. 

The study of porins at different pHs showed that changes in the amino acid's 

protonation altered its filter bias. For example, OmpF behaves as a weak cation 

filter at pH 7 but reverts to an anion filter in acidic conditions83,84. The effect of pH 

is not limited to OmpF because it was also found in OmpC79,85 and subsequently 
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PhoE86,87. These experiments paved the way for the study of porin gating. Initial 

studies on the crystal structure of OmpF suggested that the L3 loop was flexible 

enough to occlude the pore cavity88. However, experiments immobilising this loop 

by creating disulphide bonds to the pore wall failed to block the gating 

behaviour89,90. Accordingly, this theory was discarded. Later research has focused 

on other potential mechanisms. For example, a recent study proposed that the 

gating mechanism in OmpF depended on the periplasmic loops. At pH7, these 

loops interact with the surrounding lipids, which stabilise the porin in an open 

state. However, when the pH decreases below 4, the periplasmic loops interact 

with each other, thus closing the pore91. 

Ionic modulation of porins 

Another mechanism proposed for porin gating is the mediation of multivalent 

cations. The current flow through OmpF is blocked by the addition of multivalent 

cations such as Mg2+ ions92 or La3+ to the medium93. Although this implies that poly-

cations could modulate porin permeability, none of these ions seems to play a 

relevant role in E. coli's periplasm physiology.  

An alternative theory suggested the mediation of organic polyamines. These 

compounds are polycationic molecules with a hydrocarbon backbone and multiple 

amino groups94. Although they are generally found in the cytoplasm associated 

with RNA and ribosomes95–98, they may also physiologically regulate porin 

permeability. This hypothesis was supported by experiments where the external 

addition of spermine, spermidine or putrescine decreased the conductance of 

porins. Still, the external concentration required to trigger porin blockage was well 

outside the physiological range99. In contrast, if the polyamines are produced from 

within the cell through plasmid overexpression, tiny concentrations of polyamines 

can completely block bacteria's permeability100. The idea is that internally 



Chapter 1: Introduction 

             11 

produced polyamines could interact with the periplasmic residues of the porins, 

creating a blockade at the porin, hence reducing membrane permeability. 

Finally, it has been reported that a combination of pH (see previous section 1.3.4) 

and monovalent cations such as potassium have a substantial effect on porin 

permeability101. Experiments in live cells showed that the addition of monovalent 

cations caused an increase in porin permeability102. A plausible mechanism for the 

blocking would be a competitive interaction involving both cations and protons. In 

this case, acidic groups require higher concentrations of protons for effective 

protonation of the residues101,103.  

1.3.4.2 Solute specific porins 

The best known outer membrane channel with substrate specificity is LamB26. This 

channel favours the diffusion of maltose and maltodextrins. The protein is 

organised as trimeric β-barrels, but these consist of 18 transmembrane β-strands, 

in contrast to the 16 found in classical porins104. The L3 loop also folds back into 

the channel, constringing the pore to 0.5-0.6 nm diameter67. This region is packed 

with many charged residues that form hydrogen bonds with the sugars' hydroxyl 

groups and repel other types of molecules104. 

Other specific porins described in E. coli are siderophores (FecA) and cobalamin 

transporters (BtuB)105–107. The size of metal chelators and cobalamin are too large 

to pass through generic porins. Nevertheless, the expression of wide pores on its 

outer membrane would compromise its permeability towards toxins and 

antibiotics26. Therefore, the evolutionary pressure on bacteria led to incorporating 

a variety of ingenious mechanisms to open and close on these transporters. The 

primary mechanism relies on a conformation change when the "ligand" binds to 

the transporter. Then, a mechanism depending on the proton motive force 
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displaces the plug and allows the solute to cross the membrane to then 

immediately close105.  

1.3.4.3 Genetic regulation of porins 

The regulation of non-specific porins in E. coli is tightly regulated. The gene phoE 

is in the phosphate regulon, and it is mainly expressed during phosphate 

starvation108. This response is achieved through the PhoB-PhoR two-component 

system that, under phosphate limitation, the inner membrane sensor kinase PhoR 

autophosphorylates. Subsequent transfer of the phosphate group to PhoB actives 

the transcription factor109. 

Furthermore, the two main porins in E. coli (OmpF and OmpC) are controlled 

under the same regulatory mechanism. Their expression responds to three 

environmental factors: temperature, osmotic pressure and carbon source26. High 

osmotic pressure activates the sensor EnvZ, which phosphorylates OmpR110. When 

OmpR binds to the ompF regulatory region, it reduces ompF expression while 

simultaneously promoting ompC expression. Warm temperature, on the other 

hand, increases the transcription of an antisense RNA, micF111. This short RNA 

sequence binds to ompF mRNA and blocks its translation. Finally, starvation 

induces the expression of ompF through CRP (catabolite repression protein)112. In 

combination, these expression patterns suggest that OmpC is the preferred porin 

when E. coli is living within the host and OmpF is expressed when the bacteria has 

been expelled from the body and finds itself in low nutrients low-temperature 

environments. 

Other secondary factors affecting porin expression are pH and oxidative stress. At 

an acidic pH, such as 5.2113, the production of OmpF porin becomes strongly 

repressed, whereas the expression of OmpC increases. The likely transcription 

factor behind this behaviour is the two-component system CpxR-CpxA114. Also, 

some empirical evidence suggests that porin expression correlates with oxidative 
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stress115,116. The regulation of porin expression mediated by the oxidative stress 

response seems to respond to chemical toxins and antibiotics in the medium. This 

effect has been demonstrated to be part of the general SoxR-S (Superoxide 

Response protein) and MarA (multiple antibiotic resistance) operons115,116. It is 

worth mentioning that these two networks also activate the main multi-drug efflux 

pump, AcrAB. In combination, this regulatory strategy results in a decreased 

concentration of toxic molecules in the cytoplasmic through reduced uptake and 

increased efflux117. 

 The inner membrane 

 Inner membrane molecular composition 

The inner membrane is considered to be well described by the so-called fluid 

mosaic model118,119. This model describes the membrane as a two-dimensional 

“liquid” layer of about 5-10 nm thickness, in which lipids and transmembrane 

proteins can displace laterally120. In turn, the movement or fluidity of the 

membrane depends on its composition. The primary lipids found in the inner 

membrane of bacteria are phosphatidylglycerol and 

phosphatidylethanolamine61,121,122. Nevertheless, it is important to note that 

Gram-negative display a great diversity over the inner membrane composition61. 

The lipid composition also varies within the same strain depending on the media 

conditions because it is part of their adaptative strategy to their environment. 

Regarding the protein fraction, it has been estimated that there is one protein per 

each hundred lipids molecules123. The primary functions associated with these 

proteins are structural support, metabolite transport and energy generation. 

Within the scope of this work, I will deal only with the last two classes. This section 



Phd Thesis: Ionic Ccontrol Of Porin Permeability 

14  

will cover the transport of molecules across the membrane, while energy will be 

dealt with in section 1.5.3.1. 

 Transport across the inner membrane 

Membrane transporters can roughly be classified into two groups: transporters 

and channels124. On the one hand, channels form water-filled holes with an 

opened and a closed state. When the channel opens, substrates freely diffuse 

across the membrane down their electrochemical gradient125. The opening or 

closing is controlled by a "gate" that responds to external stimuli such as 

membrane voltage, ligand binding, or stress on the membrane itself126. Therefore, 

channels efficiently dissipate pre-existing electrochemical gradients but do not 

move a substrate uphill126,127. On the other hand, transporters consume energy, 

which generally is in the form of ATP or an electrochemical gradient, to shuttle the 

metabolites to the other side. The use of energy allows the transport to flow 

against the concentration gradient of the metabolite127. 

1.4.2.1 The PTS transport system 

The phosphoenolpyruvate transport system (or PTS) is a carbohydrate 

permease61,128,129. Its name comes from its peculiar mechanism of action, which 

uses phosphoenolpyruvate (PEP) as phosphate donor 128. This clever mechanism 

ensures, first, that the sugar cannot leave the cell because it has a high negative 

charge and, second, that the rate of glucose uptake stays in line with the glycolytic 

rate61,130. The genome of E. coli encodes more than 38 unique PTS proteins, 

targeting ten different sugars131.  

Each functional PTS complex consist of three sugar specific units (EIIA, EIIB and 

EIIC) and two generic components (EI and HPr)132. The first component of the 

system is the transmembrane protein EIIC, which has a binding site for the sugar 

on the periplasmic side. Once the sugar is grabbed by the EIIC enzyme, the EIIB 
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becomes susceptible to phosphorylation, which will trigger the conformational 

change necessary for the uptake. This phosphate group is later transferred to the 

sugar, trapping it into the cytoplasm and leaving it ready for glycolysis. This 

metabolic pathway will further break the sugar into PEP. At this point, the PEP 

molecule can continue the catabolic digestion (via TCA cycle or fermentation, see 

section 1.5.1), or it can donate the phosphate radical to the EI enzyme to transport 

another sugar molecule. If it reacts with the EI enzyme, then the EI will transfer 

the phosphate to the HPr, which can interact with any sugar specific EIIA. When 

the HPr-P protein phosphorylates the peripheral domains of EIIA, it can catalyse 

the phosphate's transfer to the EIIB and repeat the cycle once again (see Figure 1.3). 

 

Figure 1.3: PTS transporter diagram 

In its resting state, glucose binds to the outer membrane site of EIIC (1). Now, the activation 
energy for the uptake comes from the PEP that transfers its phosphoryl group to the EI (2). In 
turn, the EI enzyme passes this phosphate to HPr (3), and from the HPr, the phosphoryl moves 
on to EIIA (4). This enzyme is sugar specific, and it further transfers the phosphoryl group to EIIB 
(5). Finally, EIIB phosphorylates glucose as it crosses the plasma membrane through the 
transmembrane Enzyme II C (EIIC), forming glucose 6-phosphate. Diagram modified in Biorender 
from Prescott61. 
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1.4.2.2 ABC transporters 

The ABC transporter family (from ATP-binding cassette transporter) are 

transmembrane proteins that actively shuttles molecules across cell 

membranes133,134. This type of protein has great diversity because they have high 

solute specificity. The most recent reviews estimate that E. coli has more than 550 

different transporters, representing between 5-10% of its whole genome135,136. 

Their general architecture consists of two transmembrane domains and two 

nucleotide-binding domains that are in the cytoplasm134. The transmembrane 

domain binds to the nutrients from the periplasmic side while the cytoplasmic side 

catalyses the hydrolysis of ATP, which triggers a change in conformation to shift 

the nutrient inside134,135. 

 Efflux pumps 

Efflux pumps perform the opposite role to transporters. They are membrane-

associated protein assemblies that move molecules from the cytoplasm to the 

extracellular medium137. They are relatively non-specific and pump many different 

drugs and other chemicals; therefore, they often confer multi-drug resistance. 

Currently, three pump families have been found in E. coli138. These are the ATP-

Binding Cassette (ABC), the Resistance-Nodulation-cell Division (RND), and the 

Main Facilitator Superfamily (MFS)137. Of these, only the ABC family directly utilises 

ATP as the energy source to drive transport, while the other two depend on 

electrochemical ion gradients. Since these proteins are essential for the defence 

against drugs and toxins137–139, this section will give a general overview of the main 

efflux pump families in E. coli. 
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1.4.3.1 ABC efflux pumps 

 

Figure 1.4: ABC efflux pump diagram 

In red, the MacB dimer traverses the inner membrane. In blue the MacB complex connecting 
MacB and TolC. Finally, in green, the TolC crosses the outer membrane. Diagram adapted in 

Biorender from Fitzpatrick et at140. 

The ABC efflux pumps have a conserved nucleotide-binding domain, which 

generates power through ATP hydrolysis and the transmembrane domain that 

determine transporter function141. The substrate-binding site is on the cytoplasmic 

side, and their periplasmic side is associated with a long tubular protein, TolC, that 

reaches the outer membrane142–144. The bacterium E. coli only has the MacAB 

system140,145. The protein MacB is a homodimer inserted in the inner membrane 

that binds to the drug. Then, MacA acts as a connector between MacB and TolC. 

The naming of macA and macB refers to their ability to confer resistance to 

macrolide antibiotics via plasmid overexpression, though in standard laboratory 

culture conditions, macAB is not expressed146,147. 
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1.4.3.2 RND efflux pump 

The Resistance-Nodulation-cell Division (RND) protein family is distinguished for 

its ability to bind multiple drugs137. Therefore, overexpression of these pumps 

increases drug resistance to numerous drugs146. The classic example in E. coli is 

the AcrAB-TolC system139,148–150. This protein consists of 12 α-helices which in turn 

assembles in homotrimers at the inner membrane. The periplasmic side is the 

conduit for proton movement that fuels the drug efflux through the pore 

domain151–153. This domain is the primary point of drug entry and consists of the 

subdomains which extend into the periplasm151,152. Once the drug enters the pore 

domain, the AcrB undergoes marked conformational change, fuelled by a proton 

gradient154. Finally, the toxins are funnelled through the TolC pipe outside the 

cell151,152. Several assembles of the whole AcrAB–TolC complex have been 

crystallised155,156. Its crystal structure suggests that the general principle for poly-

specificity comes from compromising the binding affinity towards any particular 

molecule. 

1.4.3.3 MFS efflux pumps 

The Major Facilitator Superfamily (MFS) antibiotic efflux pump is the largest and 

most diverse transporters' family. Overall, they are monomers of 400 to 600 amino 

acid residues in length and folded into 12 or 14 transmembrane helices137. These 

helices then aggregate in groups of six, forming two domains157. The available 

structural models support an alternating active cycle: open-inwards-bind, open-

outwards-release. This transport cycle involves the ordered binding and release of 

the substrate and protons, but the stoichiometry of drug–proton exchange varies 

between family members158. Three members of the MFS family in E. coli has been 

crystalised: YajR, EmrD and MdfA159–161. Overexpression of any of these genes 

leads to increase resistance to particular drugs but not cross resistance146. 
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 Ion transport and membrane potential 

The movement of ions across the membrane plays a distinctive role compared to 

other metabolites. Ions are charged particles, so an asymmetric distribution of ions 

generates a membrane voltage162. This electrical potential across the membrane 

(also called membrane potential or membrane voltage) becomes an energy source 

for other cellular processes. For example, we have seen in the previous section 

how the sodium and proton gradient are frequently used for metabolite transport. 

On top of that, the membrane potential also plays a main role in flagella motility, 

cell signalling and especially ATP synthesis163–165. 

The most relevant ions in bacterial physiology are Na+, K+, Cl-, H+, and to some 

extent, free Ca2+. This section will deal with the transport of all ions except H+ due 

to their significant role in energy generation. The role of protons will be explained 

in-depth in section 1.4.4.6. 

1.4.4.1 Sodium transport 

All bacteria maintain a lower concentration of Na+ in the cytoplasm than in 

periplasm166. Thus, sodium enters the cell down an electrochemical concentration 

gradient. In turn, this favourable flow is used for the co-transport of multiple 

metabolites. In total, the genome of E. coli encodes around 16 sodium co-

transporters. The most relevant cases are the sodium-proton antiporters, the 

melibiose symporters and the amino acid sodium symporters136,167. 

Melibiose:Na symporters 

The melibiose-sodium symporter (MelB) of E. coli belongs to the Glycoside-

Pentoside-Hexuronide:cation symporter family167,168. Two-dimensional crystal 

models of E. coli MelB show 12 transmembrane helices transporter169–171. There 
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are two binding sites on the periplasmic side, one for β-galactosides and the 

second the cations. Interestingly, the β-galactoside site presents some 

promiscuity, which means it also binds to tri and tetra-galactosides and several 

other monosaccharides172–175. Finally, MelB is temperature-sensitive in E.coli 

because it stops being active at 30 °C, suggesting that this system plays an 

important role when bacteria is outside the host. 

Amino acid sodium symporters 

Early observations already suggested that the addition of Na+ to the medium 

increased the uptake of several amino acids, among them proline, glutamate, 

serine, and threonine167. This finding was later confirmed by finding six different 

genes in E. coli encoding for sodium-aminoacid transporters, but many more have 

been described in other species167,176. These proteins are classified as the 

sodium:solute symporter family177. The reference model is the proline:sodium 

symporter PutP167. Although the whole protein has not been crystalised, 

computational models revealed a backbone based on 13 transmembrane α-

helices with the N-terminus on the periplasmic side and the C-terminus facing the 

cytoplasm178. When reconstituted into lipid membranes, the protein effectively 

carried proline in response to a Na+ gradient and a 1:1 stechiometry179. 

Interestingly, it also responds to a lithium gradient but not hydrogen, which 

indicates the presence of an exclusion size ring180. Nevertheless, the role of this 

protein within the cell is still poorly understood. 

Sodium-proton pumps 

The bacterium E. coli express two very different sodium:proton antiporters: 

NhaA181 and NhaB182. The NhaA is the main Na:H antiporter. This protein has a 

prominent role in ion and pH homeostasis as it can uptake two protons per each 

sodium ion pushed out181. This activity is regulated by pH because it becomes 

inactive at acidic pH and fully active at pH 8183. Structurally, NhaA exists as a dimer 
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within the membrane184–186.  NhaA monomers are also functional for Na+:H+ 

antiport, but dimers are important under conditions of extreme stress, possibly 

due to increased stability187,188. Each NhaA monomer is composed of two five-

transmembrane topology-inverted repeats that intertwine. Together they form 

two distinct structural domains, the translocation core and an interface 

domain189,190. Finally, a cytoplasmic-facing surface that contains many negatively 

charged residues is located between the core and dimer domains191,192.  

Our knowledge of NhaB is much more limited than NhaA. Although it is clear NhaB 

exchanges Na+ for H+ at a 2:3 ratio, the mechanism of this reaction remains 

unknown193. Sequence analysis predicts a 12 TM domain, but this has yet to be 

confirmed with the crystal models182. 

1.4.4.2 Potassium transport 

Potassium is often the principal cation in the cytoplasm of all living organisms. 

Indeed, the intracellular potassium concentration in E. coli reaches 200 mM, which 

makes it the main inorganic cation194. The influx of this ion is mediated both by a 

constitutive system with a low affinity for potassium (Trk) and an inducible high-

affinity system (Kdp) and Kup195,196. The outflux of K+ is regulated by a voltage-

activated channel Kch and a mechano-sensitive channel (MscK)197. 

Kdp 

Kdp shuttles K+ across the membrane at the cost of ATP hydrolysis. Its structure 

consists of three large protein subunits (A, B, and C). KdpA contains 12 predicted 

transmembrane regions which form the K+ transporting channel. The subunit KdpA 

contains a conserved signature sequence SKT, also present in TrkH and KtrB, 

suggesting a binding K-motif198,199. The KdpB is phosphorylated by ATP to trigger 

the conformational change that propels K+ transport198. KdpC seems to form an 
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oligomer, but its function remains unknown200,201. The whole Kdp system is 

encoded in two operons, one with the active protein (kdpFABC) and the second 

with a sensing system (kdpDE), forming what is called a two-component sensor202. 

Therefore, this system activates the Kdp system under extreme K+ starvation203. 

Trk 

Trk are a family of low-affinity K+ transporter that uses the proton gradient energy 

to uptake K+204–206. The bacterium E. coli has four constitutive Trk systems: TrkG, 

TrkH, Kup (formerly TrkD) and TrkF. When the bacterium is in an environment 

containing >1 mM K+, then Trk becomes the predominant uptake system205. This 

process is mainly mediated by TrkG and TrkH. Contrarily to the Kdp system, these 

two proteins rely on proton gradient to move K+ across the membrane207. 

Nevertheless, the exact mechanism is not clearly understood. They might require 

a cytoplasmic associated protein TrkA to work, which in turn could use NAD(H) as 

a cofactor, hypothetically to accept the incoming proton208. 

Kup 

The Kup system (formerly known as TrkD) is a low-affinity K+ uptake system. The 

distinguishing factor with respect to the other TrK systems is its ability to transport 

caesium and rubidium209. Although it is not well characterised, sequence analysis 

indicates that it is composed of an integral membrane domain with 12 putative 

transmembrane helices and a hydrophilic C-terminal domain210. Like the other Trk 

systems, Kup likely operates as a potassium-proton symporter210,211. 

Kch 

Kch belongs to the Voltage-gated Ion Channel (VIC) Superfamily of transporters197. 

These proteins encode for two transmembrane domains that aggregate in homo-

tetramers212. When inserted in the membrane, the channel resembles an inverted 

triangle, with the gate closing towards the cytoplasmic end and the filter located 
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at the other end. This filter is highly specific for potassium with a bias K+ 1,000 : 1 

Na+126. 

The role of Kch in E. coli remains poorly understood. The best-characterised 

homologue is yugO, a potassium channel in B. subtilis. This protein is a voltage-

activated potassium channel. That means it allows the leakage of potassium when 

the membrane voltage crosses a certain threshold. Functionally, this protein 

showed an interesting correlation with cell signalling within biofilms213. The biofilm 

structure entails an asymmetric distribution of nutrients between the periphery 

and the centre214. Thus, bacteria can employ potassium oscillations in order to 

regulate the growth rate of cells (see section 1.5.4.2). These waves are mediated 

by yugO because its deletion disrupts the potassium oscillations213. 

MscK mechano-sensitive potassium channel 

MscK is the only ion-specific mechanosensitive channel. Under mechanic tension, 

the channel allows the flow of potassium126. Indeed, MscK is highly regulated 

because gating requires both membrane tension and high external K+ 

concentration215. Although this channel has a very low conductance (0.8 - 1nS), it 

can remain open indefinitely216,217. These features mean the channel can release 

small amounts of potassium for long periods in response to mechanic tension. As 

a result, the potassium leak leads to membrane depolarisation which halts the 

formation of the FtsZ164 ring and prevents cell divisions126. 

1.4.4.3 Calcium pumps 

Escherichia coli maintains the concentration of cytosolic free calcium near the 0.1 

µM range218,219. However, the mechanism of calcium uptake remains unknown. To 

the date, four genes (calA,calC, calD, and chaA) have been proposed as calcium 
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pumps220. The three cal loci could work as a calcium-phosphate symporter, while 

the chaA gene might encode for a calcium-proton antiporter220,221. 

1.4.4.4 Chloride transport channels 

Chloride is a very common anion in cell biology, yet chloride's physiological role 

has not been deeply investigated222. In general, chloride concentration is greater 

in the medium than in the cellular cytoplasm, so the anion naturally moves into 

the cytoplasm. The genome of E. coli encodes for two Clc channels, ClcA and ClcB, 

that allow the free flow of chloride. 

Although both channels are homologues of the super-family of chloride channels 

(also known as Clc), their structure and function are not well characterized223. They 

are suspected to be voltage-activated channels, but others have proposed 

activation at low pH224,225. Indeed, a recent report suggested that ClcA might work 

as a chloride:proton antiporter because they found that ClcA channels 

reconstituted in liposomes generated a Cl- at the cost of a proton gradient and 

vice versa224. This mechanism could play a role in low pH adaptation223. 

1.4.4.5 Non-selective ion channels 

Non-selective cation channels are characterised by low ion discrimination 126. This 

low bias is the result of the big pore size. Therefore, they do not serve as ionic 

channels but solute channels that act as mechanic sensors and osmotic pressure 

regulators226. In general, these channels are known as mechanosensitive channels. 

E. coli has three main mechanosensitive channels: MscL, MscS. Nevertheless, 

wide-genome inference studies suggest there could be up to 7 mechanosensitive 

channels227,228. In this work, I will focus on the role of MscL, MscS, because in all 

other instances, information is sparse. 
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MscL 

MscL is a mechanosensitive channel of large conductance (> 2.5 nS) with no 

selectivity and no saturation226. This channel converts mechanical tension in the 

cell membrane into an electrochemical response. For example, upon osmotic 

downshift, water flows into a cell, increasing pressure on the membrane, 

activating MscL and allowing all types of solutes to exit the cytoplasm229. 

Consequently, MscL acts as a pressure release valve, preventing the rupture of the 

membrane. Nevertheless, the structure of the sensor has not been fully 

elucidated. Recently, 230a two-dimensional crystal model suggested MscL is a 

homo-oligomer. Each monomer consists of two transmembrane regions 

connected by a periplasmic loop with the N and C termini located in the 

cytoplasm231. 

MscS 

MscS is a mechanosensitive channel of small conductance (0.8-1 nS) with 

adaptative response216. Therefore, its conductivity declines during continuous 

stimulation232. It has been reported that the activation mechanism depends on 

tension, but inactivation responds to both tension and membrane voltage 

dependent233. The sensor structure is organised as a homoheptamer, forming a 

large spheric structure in the cytoplasmic region234,235. The interaction between 

this complex with the transmembrane domain is essential to open the channel, 

but the exact mechanism is still in dispute236,237. It has been proposed that a 

cytoplasmic sphere swells during the opening, yet the pore gating seems to rely 

on the rigid transmembrane domain's movement236,237. 
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1.4.4.6 Proton transport and the proton motive force 

The flow of protons across the membrane is essential in cell physiology. I have 

presented several examples of how the proton gradient serves to transport 

metabolites, efflux toxins, or exchange for other ions; it also takes part in 

chemotaxis, signal transduction and, of course, energy generation238–243. All this is 

accomplished through a gradient of protons from the periplasm to the cytoplasm. 

In standard conditions, the intracellular pH ranges between 7.5 and 8 (10-100 free 

protons per cell), and the periplasmic pH is relatively lower than the cytoplasm162. 

Still, the precise proton concentration in the periplasm remains elusive244. Bulk cell 

measurement of E. coli expressing a gene-encoded pH sensor suggested that the 

periplasmic pH was equal to the medium pH, but the question was not explored 

further245,246. 

Despite the absence of an exact reference value for the periplasmic pH, the 

bacterial proton gradient has been widely studied247. Early measurements in E. coli 

spheroplast – bacterium without the outer membrane – suggested that the 

electron transport chain could generate a proton gradient between 0.5 to 2 pH 

units242. This value was variable depending on the carbon source and oxygen 

availability. For example, measurements in live cells in the presence of glycerol and 

O2 produced a proton gradient of approximately 0.3 pH difference, while a 

medium with glucose only generates ~0.2 pH difference248. The mechanism 

causing changes in the proton gradient is mainly the electron transport chain247. 

The following section will deal with bacterial metabolism and how the electron 

transport chain works. 

 Bacterial metabolism 

All bacteria require energy to do work and build their cellular components. These 

processes happen through a network of chemical reactions called metabolism9. 

The metabolic processes implicated in the generation of energy (or catabolism) 
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produce ATP, the cell's primary energy currency, through the oxidation of organic 

molecules. The two major routes for energy generation in E. coli are glycolysis, 

implicated in sugar fermentation, and the tricarboxylic acid cycle (TCA), which 

relies on the electron transport chain9,61. 

 Glycolysis and fermentation 

Glucose is the preferred carbon source of E. coli, but other sugars can also be 

incorporated into the glycolysis pathway. Overall, the pathway can be divided into 

two parts: a 6-carbon phase and a 3-carbon phase (see Figure 1.5)9. During the first 

stage, the glucose-6P phosphorylated by the PTS system (see section 1.4.2.1) 

receives another phosphate yielding fructose 1,6-bisphosphate. Then, the 3-

carbon stage begins with the cleavage of the fructose 1,6-bisphosphate into two 

halves producing dihydroxyacetone phosphate and glyceraldehyde 3-phosphate 

(GAP)249. 

 
Figure 1.5: Diagram of the glycolytic pathway 

The abbreviations showed stands in the figure are: P, phosphate; GAP, Glyceraldehyde-3-
phosphate; DHAP, Dihydroxyacetone-phosphate; Bi-P-glycerate, 1,3-Bisphosphoglycerate; 3-PG, 
1,3-Bisphosphoglycerate; 2-PG, 2-Phosphoglycerate; PEP, Phosphoenolpyruvate. Finally, the 
pyruvate can feed into the fermentation of the TCA cycle. 

The first step of the 3-carbon phase consists in the addition of inorganic phosphate 

to the GAP. The catalysis of this reaction requires an inorganic phosphate and a 
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NAD molecule. The resulting compound, 1,3-biphosphoglycerate, is ready for ATP 

production. Now, our high energy compound can transfer a phosphate group to 

two ADP molecules, following what is called substrate-level phosphorylation249. 

The final product of the glycolysis yields two NADHs, ATPs and two pyruvate 

molecules per glucose 250. At this point, energy production can continue through 

the tricarboxylic acid cycle in the presence of oxygen or other electron acceptors. 

Otherwise, E. coli needs to balance its redox state produced via the fermentative 

process (see Figure 1.5)250,251. 

 The tricarboxylic acid cycle 

The first step after glycolysis is pyruvate decarboxylation. This process is catalysed 

by the pyruvate dehydrogenase complex, which cleaves pyruvate, releasing 

carbon dioxide and forming an activated compound called acetyl-CoA252. This 

molecule is then ready to enter the TCA cycle.  

The TCA is widely recognised as the central metabolic hub of the cell because it 

produces intermediates that are important in gluconeogenesis, lipolysis, amino 

acid synthesis, etc253. However, this section will focus on the oxidative process for 

energy production, also called Oxidative Phosphorylation (OXPHOS). The OXPHOS 

extracts protons from the TCA cycle intermediate molecules to generate a proton 

gradient across the inner membrane. In turn, this energy is used for the formation 

of ATP through the ATP synthase. The group of enzymes that participate in the 

proton transfer across the membrane from the Electron Transport Chain (ETC, see 

Figure 1.6)252–255. 
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Figure 1.6: Diagram of the electron transport chain 

Protons are transported through complex I and complex II. The quinone pool (UQ) can transfer 
electrons between the components. Cytochromes can transfer electrons to O2, forming a water 
molecule. They also have some proton pump ability. The periplasmic space acts as a reservoir for 
the proton gradient. Finally, the ATP synthase transforms the proton gradient energy into 
chemical energy catalysing the P + ADP reaction to form ATP. Diagram prepared with BioRender. 

 The electron transport chain 

The ETC comprises a series of electron carriers that coordinate the transfer of 

electrons from donors, such as NADH and FADH2, to acceptors, generally O2
9,61. As 

these electrons flow towards their acceptors, protons are detached and shuttle to 

the periplasmic side, generating the proton motive force. The E. coli ETC (Figure 1.6) 

has three main components: proton pumps (complex I and II), terminal oxidases 

(cytochrome-bo, bd-I, and bd-II), and the electron carriers between elements 

(coenzyme-Q)256–259. Finally, the last enzymatic group, the complex V or ATP 

synthase, consumes the proton gradient to synthesise ATP260–263. This section will 

overview each component of the ETC. 
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1.5.3.1 Proton pumps 

The E. coli's complex I include 13 different subunits encoded in the nuo operon257. 

This protein catalyses the transfer of two electrons from NADH to quinone while 

translocating protons across the membrane264,265. It represents the main entry 

point for electrons from NADH into the respiratory chains266–268. Due to its 

incredible complexity, the complete electron transport mechanism is still not fully 

understood 257,268.  

The complex-I expression seems to depend on the oxygen because low 

concentration increases the expression269,270. This effect is mediated by the 

transcription blocker FNR (fumarate and nitrate reduction) that senses oxygen in 

the medium. In aerobic conditions, the oxygen reacts with the Fe-S cluster of FNR, 

resulting in the factor inactivation271, which allows the expression of the nuo 

operon272. 

Complex II transfers electrons and protons into the quinone pool using FADH as 

substrate273–275. The expression of complex II proteins is organised in two operons: 

frd and sdh253,276. The frd operon is expressed during anaerobic conditions, and the 

sdh is the preferred form in the presence of oxygen253,276. 

1.5.3.2 Terminal oxidases 

The E. coli K-12 encodes three terminal oxidases, cytochrome-bo oxidase 

(CyoABCD), cytochrome-bd I oxidase (CydABXH), and one cytochrome-bd II 

oxidase (AppCB)277–279. Although all cytochromes can theoretically contribute to 

the PMF, they are not considered proton pumps because their primary role 

consists in transferring electrons to the oxygen molecule258. Moreover, a growing 

number of experiments suggest that, beyond its role in cell bioenergetics, the 

different cytochromes function as O2- scavengers280–283. 
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First, the cytochrome-bd I becomes the primary cytochrome under 

microaerophilic conditions258. This protein complex has two transmembrane 

subunits and three heme groups284–286. These heme groups coordinate the 

transfer of electrons from the quinone pool to oxygen. In addition, this 

cytochrome plays a variety of roles as a response to oxidative stress287,288. 

Regarding the expression of the cytochrome-bd, it has been reported that in 

stressful environments such as high pH, high temperature, presence of cyanides 

or uncouplers-protonophores lead to an increased gene expression and 

synthesis287,289–291. Interestingly, it appears to exist a positive correlation between 

virulence and the expression level of the cytochrome-bd. This effect has been 

attributed to the fact that cytochrome-bd increases tolerance to nitrosative stress 

and contributes to the detoxification of hydrogen peroxide258,292–294. 

Second, the cytochrome-bo is predominant during high aeration conditions. This 

regulation is achieved via FNR. Moreover, the presence of the CRP promoter 

region also suggests an increased expression at the stationary phase295–297. The 

enzyme structure consists of four subunits with two copper ion kernels298. They 

catalyse the oxidation of ubiquinol and the reduction of oxygen to water279,299,300. 

Two prominent roles have been ascribed to this enzyme: generate a proton motive 

force and to catalyze the ROS301. 

Finally, our knowledge of the physiological role of cytochrome-bd-II is less definite. 

The complex consists of two subunits, AppC and AppB, which is akin to the two 

subunits of cytochrome-bd-I terminal oxidase302,303. Its expression becomes 

dominant during anaerobiosis, phosphate and carbon starvation, and entry into 

stationary phase302,304. 
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1.5.3.3 The ATP synthase 

The electron transport chain's final element is the ATP synthase (ATPase or 

complex V)305. This complex transforms the potential energy of the PMF into 

ATP305–307. The ATPase structure consists of a transmembrane F0 complex that 

carries out the proton-translocation and the F1 complex that catalyses the 

synthesis of ATP305. The F1 complex consists of four different subunits (α3β3γδε) 

while the FO region is usually formed by three different subunits (ab2c9-15)308. This 

complex's function is much like a rotary engine, in which protons descend through 

the F0 complex, pushing the rotation of the c-ring305,308. Then, this rotation 

catalyses the synthesis of ATP from ADP and inorganic phosphate. Interestingly, in 

anaerobic conditions, this reaction can also play in reverse so that ATP is consumed 

to maintain a proton gradient, which can then be used to transport other 

metabolites or ions309. Moreover, recent improvements in live-cell imaging have 

revealed that the ATP synthase works in pulses of 10-80s and in turn, these pulses 

correspond to oscillations in the PMF310–312. 

 Metabolic oscillations 

The metabolism of E. coli comprises a myriad of interconnected enzymatic 

reactions. Thus, oscillatory dynamics emerge quite naturally from the interaction 

of multiple pathways. Early studies have established that metabolic oscillation can 

arise due to the allosteric effect between substrates and enzymes of different 

reactions or regulatory feedback loops313,314. This section will examine the 

emergence of oscillations in central carbon metabolism and cell growth. 

1.5.4.1 Carbon metabolism oscillations 

Glycolytic oscillations have been extensively studied in computational models. 

Most of these works suggest that the oscillatory behaviour originates from the 

allosteric effects on the enzyme phosphofructokinase313–315. However, it has also 

been suggested that the requirement of ATP for glycolysis might create a feedback 
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loop mechanism316–318. Logically, the characteristics of these oscillations (period 

and amplitude) depend on both external (environmental) and internal (genomic) 

factors319. For example, an in-silico model of E. coli glycolysis has demonstrated 

that a rise in external glucose leads to an increased wave amplitude and decreased 

frequency319. In addition, live monitoring of NAD(P)H and ATP levels within the 

cytoplasm showed a robust correlation between the frequency oscillations and the 

carbon source320,321. Surprisingly, the metabolic clock seems to run autonomously 

from the cell cycle. 

1.5.4.2 Cell growth oscillations 

The cell growth has an intrinsic cyclical component to it. The cell must uptake some 

nutrients, grow and divide. Thus, a sufficiently large number of cells require a 

coordinated behaviour to avoid competition for nutrients322. The best-studied 

case is biofilm growth waves, where the patch extension creates an asymmetric 

distribution of nutrients between the centre and edges. Here, the consumption of 

nutrients by peripheral cells starves the cells in the interior cells. Thus, the biofilm 

grows on waves so that nutrients can reach cells in the inner core. 

It is worth noting that the coordination between cells happens via membrane 

potential depolarisation214,322. A decay in membrane potential can trigger a 

potassium signal via a potassium voltage-dependent channel. When the channel 

opens, cytoplasmic potassium decreases and local environmental potassium 

increases, depolarising neighbouring cells and propagating the signal213. 

 Membrane potential modulation in bacteria 

As described in section 1.4.4, membrane potential depends on the gradient of ions 

across the membrane, particularly the proton motive force. Bacterial cells can use 

the membrane potential for metabolite transport (section 1.4.2), ATP synthesis 
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(section 1.5.3.3), flagellar motion or cell signalling. Interestingly, in vivo fluorescent 

measurements of the bacterial membrane potential showed cell-wide spikes 

consistent with electrical spiking, similar to that of firing neurons323. These spikes 

were abolished upon chemical disruption of the proton gradient or the electron 

transport chain perturbations, suggesting that the two processes were intrinsically 

coupled323. A major factor determining the membrane potential is the carbon 

source and carbon metabolism248. Cells growing on glucose have a lower 

membrane potential of ~ -100 mV, compared to glycerol (~ -140 mV) or cells in the 

stationary phase248. Another mechanism of membrane potential modulation 

already discussed in this work is voltage-dependent channels (section 1.4.4). The 

most common example is the activation of the mechanosensitive channels324, see 

section 1.4.4.5. Finally, the last mechanism for membrane potential modulation is 

through ionophores. Still, this method does not appear to be very common. The 

main naturally occurring ionophore is indole, which is produced by ~100 different 

bacterial species325–327. 

1.5.5.1 Indole effect on membrane potential 

Indole is a benzene-pyrrolic ring, which makes it a highly hydrophobic 

compound328. Therefore, it tends to accumulate in the lipidic membranes of the 

cells. Once there, this molecule can transport protons in favour of gradient329. In 

bacteria, indole synthesis occurs very quickly, which generates an indole pulse. 

This pulse depolarises the cell membrane while the indole propagates to 

neighbouring cells329–331. This signal has been correlated with stress resistance, 

antibiotic resistance, and biofilm regulation332–336. The regulation of the indole 

signal is controlled by the tryptophanase (TnaA), the enzyme that synthesises 

indole327. 
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Indole regulation 

The tryptophanase catalyses the conversion of tryptophan into indole, pyruvate, 

and ammonia327. The TnaA expression is controlled by two promoters – the 

catabolite repression protein (CRP) and the TorR) – and the TnaC binding 

factor337,338. The TnaC leader peptide blocks the ribosome in the absence of free 

tryptophan. Therefore, tnaC prevents the usage of internal tryptophan and only 

allows TnaA expression in the presence of tryptophan in the medium337. Once that 

condition is met, TnaA expression depends on its two promoters. 

The first promoter, TorR, is the binding box of the two-component system TorR-S. 

This regulator has been associated with conditions in which E. coli is forced to use 

nitrate and nitrite as electron acceptors339. The use of these substrates generally 

entails high alkaline stress. Thus, the expression TnaA and, in turn, indole 

production could mitigate the alkaline stress, yet the precise mechanism is still 

unknown339. 

The second promoter, CRP, triggers the expression of TnaA when the cell senses 

exhaustion of the glycolytic flux340. Therefore, when cells approach the stationary 

phase, the TnaA produces an indole pulse that depolarises the cells, pushing them 

into a dormant state331,341. This strategy reduces glucose consumption allowing 

cultures to survive for extended periods. 

 The study of single-cell microbiology 

Bacterial physiology has been the subject of endless fascination since the dawn of 

microbiology as a discipline. Already in the late 40s, Monod342 started applying 

quantitative methods in the study of bacterial physiology. His approach was based 

on the rigorous study of population-level data from bulk cultures, which became 

the standard method for the whole discipline343. Although this technique rendered 
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very useful over the decades, the study of whole populations sometimes masks 

meaningful information from cell-to-cell heterogeneity, bacterial sub-populations, 

or variations within the cell344,345. Therefore, the use of light microscopy of living 

bacteria emerged as a viable alternative for single-cell analyses. 

In order to study bacterial physiology with the microscope, one first has to solve 

the issue of how to maintain the cells alive when they are under the lens. A neat 

solution for this problem has been the use of agarose pads. These pads allow live 

imaging of cells over several cell division cycles (typically 4–5) and are an excellent 

tool for the study of biofilms346,347. For instance, this method enabled the discovery 

of the emergence of bacterial subpopulation during carbon starvation348, the 

stochastic expression of genes during antibiotic treatment349, and the role of 

voltage-activated channels in bacterial mechanosensation324.  

Nevertheless, the thin agarose layer is prone to drying, limiting the experiments' 

duration. Experimental imaging during long periods is also hampered because 

individual cells start to overlap, difficulting the posterior data analysis344. Finally, it 

is unclear for how long exactly, if at all, steady-state growth conditions can be 

maintained on the pads345. Here, microfluidic devices have been able to provide a 

powerful solution. 

 Microfluidics devices for bacterial microbiology 

Microfluidic technology refers to the study and manipulation of fluids at the 

submillimetre length scale350. The application of microfluidic chemostats provides 

an ideal environment where the environmental conditions can be tightly 

controlled. They also keep individual cells in position for live-cell microscopy while 

the flow of the growth medium constantly provides cells with fresh nutrients and 

washes away metabolic byproducts and excess cells, thereby creating a highly 

uniform growth environment350. Under these conditions, bacterial physiology 

becomes isolated from the influence of environmental factors, permitting an 
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unimpeded view of the internal logic of cells. Moreover, the constant flow 

prevents the microfluidic device from becoming overcrowded, so observation of 

single-cell lineages for tens or hundreds of generations becomes possible351,352. 

Lastly, the medium composition flowing through the device can be altered at will, 

allowing cells to be observed as they respond to the onset of stress or the 

introduction or removal of a particular compound353,354. 

 Design and fabrication of microfluidics devices 

In order to create a microfluidic device, the first step is to design the template with 

a CAD (Computer-Aided Design) tool355. This design will then be carved out on a 

thin metal layer using a laser or an electron-beam mask writer. The resulting mask 

is exposed to ultraviolet light with a thin coating of a photoreactive polymer. 

Exposure to UV light transfers the pattern from the mask to the polymer; the 

unexposed photoresist is removed using an organic solvent, leaving behind the 

bas-relief structure in the polymer layer. The final mask serves as the microfluidics 

master template355. 

The next step is the casting of the chip itself. A liquid polymer called poly-

dimethylsiloxane (PDMS) is mixed and then poured onto the master template to 

make a chip replicate. Then, it is curated at a high temperature (~100 ⁰C) for a few 

hours, which hardens the polymer, producing the chip with the engraved design. 

The use of PDMS has become the standard for most applications in microbiology 

because flexible, biocompatible, insulating, unreactive, transparent to ultraviolet 

and visible light, permeable to gases and only moderately water permeable356. The 

final step is bonding the PDMS chip to the glass cover slide. PDMS contains many 

methyl groups (-CH3) and is hence hydrophobic. However, its surface can be 

rendered hydrophilic by exposure to a plasma of air or oxygen to generate reactive 

silanol groups (-SiOH) at the surface. When these radicals contact with clean, 
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oxidized glass, they form a covalent bond (Si-O-Si) between the layers. The 

bonding of PDMS to glass (or PDMS) makes it possible to form sealed microfluidic 

devices in which fluids can be pumped at pressures as high as 50 psi (∼350 kPa) 

without failure355,356. 

 The mother machine 

From the many microfluidics designs, the most widespread is the mother machine 

platform352. In this device, bacteria grow in short (10–25 μm long) dead-end 

channels. The main advantage of dead-end channels comes from a longer 

retention time of cells compared to open ends channels. In addition, the mother 

machine design allows clones of the mother cell to reside in the dead-end side of 

the channel. Finally, the number of cells is fixed because the flow in the main 

channel flushes away extra cells that grow out from the dead-end channels. The 

same flow also maintains a constant media environment in the growth channels 

by replenishing nutrients and removing metabolic waste products. Both exchanges 

are thought to occur via diffusion352.  

This platform has been used to study cell aging352, cell cycle control357, and the 

effects of mechanical forces on cell wall growth358. The devices have also been 

used in studies of gene regulation344,351,354 and antibiotic resistance353. 
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Research Aims & Objectives 

My research aims to understand the influence of the periplasmic ion environment 

on outer membrane permeability. I will focus on testing 3 hypotheses: 

A. The periplasmic ionic environment controls membrane permeability. If 

correct, we should be able to alter bacterial permeability through the 

modulation of the periplasmic environment. 

B. Bacteria have a dynamic periplasmic environment that responds to cellular 

metabolism. If true, we should find a correlation between the periplasmic 

ions and the carbon source supply. Consequently, if the periplasmic ions 

control permeability and these are dynamically regulated, then we should 

see that carbon source changes modulate permeability in permeability due 

to their impact on the ETC activity. 

C. Indole regulates membrane potential in response to changes in carbon 

source. If this hypothesis is correct, we should see varying indole synthesis 

in different carbon sources and different membrane potential.  

With these questions in mind, I split the project into four sections: 

• Chapter 1: To understand how different physiologically relevant ions affect 

the permeability of porins.  

• Chapter 2: To investigate the regulation and homeostasis of the periplasmic 

ions and their correlation with the metabolic activity of the electron 

transport chain. 

• Chapter 3: To examine the effect of carbon sources on the permeability of 

clinically relevant antibiotics. 

• Chapter 4: To study the regulation and effect of the naturally produced 

membrane potential modulator indole. 
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 Strains  

 Strains list 

Table 1: List of strains used in this work. 

Strain Characteristic genotype features source 

E. coli DH5α fhuA2::IS2 Δ(mmuP-mhpD)169 ΔphoA8 glnX44 
ϕ80d[ΔlacZ58(M15)] rfbD1 gyrA96 luxS11 recA1 endA1 
rphWT thiE1 hsdR17 

NEB359 

E. coli K12 
BW25113 
(WT) 

Δ(araD-araB)567, Δ(lacA-lacZ)514(::kan), lacIp-
4000(lacIq), λ-, rpoS396(Am)?, rph-1, Δ(rhaD-rhaB)568, 
hsdR514 

KEIO 

collection360 

ΔompF BW25113 + ΔompF746::kan KEIO col.360 

ΔompC BW25113 + ΔompC768::kan KEIO col.360 

ΔompG BW25113 + ΔompG756::kan KEIO col.360 

ΔnmpC Not described KEIO col.360 

ΔphoE BW25113 + ΔphoE759::kan KEIO col.360 

Δkch BW25113 + Δkch-758::kan KEIO col.360 

ΔclcB BW25113 + ΔclcB740::kan KEIO col.360 

ΔptsH BW25113 + ΔclcB740::kan KEIO col.360 

ΔaceA BW25113 + ΔaceA732::kan KEIO col.360 

ΔtolC BW25113 + ΔtolC732::kan KEIO col.360 

ΔtnaA BW25113 + ΔtnaA739::kan KEIO col.360 

tnaA–GFP BW25113 + tnaA–GFP:KmR Gaimster361 

All the strains in this work are derived from the Escherichia coli K12 BW25113. 

Long term stock cells were stored in 20% glycerol at -80 °C. Fresh inoculums were 

plated monthly in LB with or without antibiotics. Single colonies were resuspended 

in a 50 mL falcon tube with fresh Super-Optimal Broth (SOB) or minimal medium 

9 (M9) for each experiment. The super-optimal broth was prepared following a 

premix recipe (Fromedium, SOB01CFG). To prepare the minimal medium, I 

followed the recipe described by Kotte362 and supplemented it with 1 g/L 

casamino-acids, 1 mM tryptophan and the specified carbon source. The liquid 

cultures were incubated in glass test tubes with a breathable lid in a shaking 

incubator at 37°C. The list of plasmids used in this work can be found in Table 1. 
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 Medium and growth conditions 

 Rich medium 

The formulation Super Optimal Broth used in this work contains tryptone 35 g, 

yeast Extract 20 g, NaCl 5 g, 4N NaOH 12.5 mL (5 mM final concentration) per 1 L 

water (Milli-Q, Millipore). This recipe was prepared from the Fromedium premix 

(SOB01CFG). The LMB kitchen scientific facility prepared the medium. 

 Minimal medium composition and preparation 

The minimal medium used in this work is based on the M9 recipe described in 

Kotte362. The medium contained the following components: Base salt solution (211 

mM Na2HPO4, 110 mM KH2PO4, 42.8 mM NaCl, 56.7 mM (NH4)2SO4, autoclaved 

and prepared by the scientific facilities at LMB), 10 mL of trace elements (final 

concentration: 0.63 mM ZnSO4, 0.7 mM CuCl2, 0.71 mM MnSO4, 0.76 mM CoCl2, 

autoclaved), 0.1 mL 1 M CaCl2 solution (autoclaved, prepared by the scientific 

facilities at LMB) for a final concentration of 0.1 mM, 1 mL 1 M MgSO4 solution 

(autoclaved, prepared by the scientific facilities at LMB) for a final concentration 

of 1 mM, 2 mL of 500x thiamine solution (1.4 mM in ultrapure water from Milli-Q, 

Millipore and filter sterilized) and 0.6 mL 0.1 M FeCl3 solution (filter sterilized). The 

final volume was adjusted to 1 L with ultrapure water (Milli-Q, Millipore) lab water 

system (Milli-Q Advantage-10, Millipore). For each batch, the medium was filtered 

through 0.22 µm Millipore stericup and split into 500 mL bottles. The carbon 

source was added before each experiment. 

The carbon sources used in this work were acquired from Sigma-Aldrich in powder 

form. Then, stock solutions were prepared at a 100 g/L concentration in Milli-Q 

water. After adjusting the pH to 7.0, 100 mL aliquots were filtrated with a syringe 

filter, 0.22 µm. For the lipid media preparation, I used 14 mg/L 1,2-
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dipalmitoylphosphatidylcholine (DPPC), combined with 0.3 g/L casitone and 0.05% 

Tyloxapol to allow proper dilution. 

When indicated, bacterial cultures were supplemented with casamino acids and 

tryptophan. The stock reservoir was prepared by dissolving 5 g casamino acids 

(Difco) and dissolving it in 50 mL Milli-Q water, making a final concentration of 100 

g/L. The stock solution was filtered with a syringe filter, 0.22 µm and stored at 4 

°C. Tryptophan was acquired as a powder (Sigma Aldrich) and dissolved in Milli-Q 

water to a 50 mM concentration. After this, the solution was filtrated with a 

syringe filter, 0.22 µm and stored at 4 °C. 

 Growth conditions 

Bacterial cultures were resuscitated from a – 80 °C 20 % glycerol stock to an LB 

agar plate. A selection marker was included in the medium if required. The kitchen 

facilities at the LMB provided the plates. The plate cultures were grown overnight 

at 37 °C. Once colonies were formed, the plates were stored in the fridge (set at 4 

°C) and sealed with parafilm. After every use, plates were re-sealed with parafilm. 

The stock plates were discarded after 6 weeks. 

For each experiment, overnight cultures were inoculated from single colonies 

using autoclaved wooded toothpicks (LMB facilities). The colony was inoculated in 

5 mL of the specified medium and grown overnight at 37 °C in an orbital shaker at 

300 rpm. 

 Cloning of fluorescent reporters 

 Cloning techniques 

All the plasmids presented in this work were constructed using Gibson 

assembly363. All DNA templates were acquired through Addgene (see Table 2). The 

primers were designed with the Primer3 algorithm available through the Benchling 
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platform364. The DNA material was amplified by PCR with the PrimeStart HS 

polymerase kit (Takara), following the manufacturer protocol adjusting the 

annealing temperature to the suggested by the Benchling cloning algorithm. The 

amplification cycles were repeated 35 times using a C1000 Touch Thermal Cycler 

(BioRand). 

The resulting DNA fragments were ligated with the following Gibson assembly kit. 

The concentration of the DNA templates was estimated with UV absorption using 

a NanoDrop 3300 (ThermoFisher), and the NEBiocalculator helped us estimate the 

required volumes for the Gibson assembly. All assemblies were carried out for 1h 

at 50 °C using the same thermocycler as the PCR amplification.  

Bacterial transformation of the assembled sequence was carried out through a 

heat-shock using E. coli DH5α as an intermediate strain. Once I verified the plasmid 

sequence with colony PCR, I inoculated a single colony in a falcon tube with SOB 

medium to extract the plasmid the next day. Isolated plasmids were stored at -20 

°C in Qiagen Elution Buffer. Target strains were electroporated as required for my 

experimental work. 
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 Genetic material 

Table 2: List of plasmids used for this work. 

Plasmid 
name 

Reporter marker promoter 
background 
genotype 

source 

pSCM001 pHluorin AmpR araBAD pBAD-TOPO Previous work 329 

pSCM002 pHluorin ChlR araBAD pBAD-TOPO Previous work365 

SLF0079 QuasAr2 AmpR araBAD pBAD-TOPO Addgene366 

pBAD-
GINKO1 

GINKO1 AmpR araBAD pBAD-TOPO Addgene367 

GCampf6 GCaMpf6 AmpR 
Sigma 70 
promoter 

BB118 
Donation from Kralj 
lab 

pBAD-ArchT 
(Chl) 

ArchT ChlR araBAD pBAD-TOPO 
This work. Material 

from addgene368 

pBAD-ArchT 
(Amp) 

ArchT AmpR araBAD pBAD-TOPO 
This work. Material 

from addgene368 

pBAD-
pelBCpHuji 

pelBCpHuji AmpR araBAD pBAD-TOPO 

This work. Material 
from 

addgene369,370 

All the plasmid and genetic material used in this work can be found in Table 2. 

Plasmids were stored in DH5α frozen in -80 °C 20 % glycerol stock. Also, minipreps 

aliquots using Elution Buffer (H2O 10 mM Tris-Cl, pH 8.5) as a solvent for routine 

cloning were stored in the freezer at -20 °C. 

All the primers were acquired from Sigma-Aldrich, dissolved in Milli-Q water, and 

stored at -80 °C. 

Table 3: List of primers used in this work. 

name Sequence (5’-3’) 

pBAD_fwd GCCACCCGCAGTTCGAAAAATAAGTTTAAACGGTCTCCAGCTT 

pBAD_rev GCGGTCGGCAGCAGGTACTTCATGGGTATGTATATCTCCTTCTTAAAG 

peblB_fwd AGAAGGAGATATACATACCCATGAAGTACCTGCTGCCGACCG 

pelB_rev TGATGATGAGAACCCCCCATGGCCGGCTGGGCGGCCAGCA 

pelB_pHuji_fwd TGCTGGCCGCCCAGCCGGCCATGGGGGGTTCTCATCATCA 

pelB_pHuji_rev AAGCTGGAGACCGTTTAAACTTACTTGTACAGCTCGTCCATG 

ArchT_fwd AGGAGATATACATACCCATGATGGACCCAATTGCACTGCAGGCGGGG 

ArchT_rev AGCCAAGCTGGAGACCGTTTTTACACGGCGGCCGCAGGCTCCGGGGCTTCCGT
A 
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 Chemicals and probes 

 Antibiotics 

All antibiotics in Table 4 except ciprofloxacin were used for the selective growth of 

strains carrying specific antibiotic-resistant genes.  

Table 4: Antibiotics used for this work. 

Antibiotic Provider Stock Conc. Solvent 

Ampicillin Formedium  100 mg/mL  Milli-Q water 

Kanamycin Sigma-Aldrich 25 mg/mL Ethanol 

Chloramphenicol Sigma-Aldrich 50 mg/mL Milli-Q water 

Ciprofloxacin Sigma-Aldrich 1.25 mg/mL Milli-Q water, 0.1 N HCl 

Colistin Sigma-Aldrich 50 mg/mL Milli-Q water 

 Ionophores and other chemicals 

Table 5: Ionophores used for this work.  

Name Provider Stock Conc. Work Conc. Solvent 

CCCP Sigma-Aldrich 50 mM 0.25 mM Ethanol 

Valinomycin Sigma-Aldrich 100 mM 0.1 mM Ethanol 

Nigericin Sigma-Aldrich 100 mM 0.1 mM Ethanol 

Indole Sigma-Aldrich 50 mM 5 mM Ethanol 

PMBN Sigma-Aldrich 5 mM 0.05 mM Ethanol 

Oligomycin Sigma-Aldrich 10 mM 0.1 mM Ethanol 

 Fluorescent probes 

Table 6: List of fluorescent probes used for this work.  

Name Provider Stock Conc. Work Conc. Solvent 

2NBDG Thermo-fisher 5 mg/mL 20 µg/mL Milli-Q water 

Bocillin-FL Thermo-fisher 1 mg/mL 1 µg/mL Milli-Q water 

Hoechst 33342 Invitrogen 10 mg/mL 10 µg/mL Pre-dissolved 

Oregon Green Thermo-fisher 1 mg/mL 20 µg/mL Milli-Q water 

Thioflavin T Sigma-Aldrich 10 mM 10 µM Milli-Q water 

Oxonol-VI Sigma-Aldrich 1 mM 10 µM Ethanol 

All fluorophores were stored at -20 °C and split into 200 µL aliquots. For each 

experiment, aliquots were defrosted and stored at 4 °C for a week. 
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In addition, I have listed a table with all the details of the illumination conditions 

used for each fluorophore (Table 7). 

Table 7: Illumination condition for each fluorophore.  

Name Excitation (nm) Emmision 

2NBDG 488 510/25 

Bocillin-FL 488 510/25 

Hoechst 33342 405 450/25 

Oregon Green 405 510/25 

Thioflavin T 430/30 480/25 

Oxonol-VI 561  615/25 

 Microfluidics 

 Chip design 

I used the Mother Machine design described by Wang352,371. The microfluidic 

device was fabricated from an epoxy master template courtesy of Dr Jehangir 

Cama (University of Cambridge/University of Exeter, UK). The Mother Machine 

consists of a feed trench (50 µm x 100 µm x 30 mm) with many channels (1.4 µm 

x 1.4 µm x 25 µm) attached perpendicular to the trench. These channels hold the 

cells, and media is supplied to the cells via the trench (see Figure 2.1). 

 

Figure 2.1: Diagram of the Mother Machine.  

A) Schematic illustration of the microfluidic Mother Machine. The old-pole mother cell is trapped 
at the end of the growth channel. B) Isometric schematics of microfluidic channels in which 
individual bacteria are held. Channels connect to a larger channel through which medium is 
continuously replaced, and excess cells are washed away 
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 Chip preparation 

For each batch of 12 chips, 50 mL of PMDS were mixed with a 5 mL curing agent 

(10:1) with vigorous stirring. The bubbles formed during the mixing were removed 

by vacuum degassing for 20 min until all air bubbles disappeared. Then, the gel 

was poured onto the master template and baked at 65 °C for 1 h. Subsequently, 

the chip was cut out around the wafer and prepared for bonding with the cover 

slide. Holes for inlets and outlets were punched using a sharpened 0.6 mm biopsy 

puncher (from Fisher Scientific), and the chip was cleaned with Scotch tape and 2-

propanol. After drying all the excess isopropanol, the coverslip and PDMS with the 

features upwards were exposed to air plasma in a vacuum for 20 s at 0.4 mBar 

Oxygen (PlasmaPrep2, Gala Instrumente). This process activated PDMS, which was 

put on a glass coverslip (24 mm x 50 mm, thickness 0.17 mm+/-0.005, Carl Roth). 

Finally, the chips were incubated overnight at 65 °C. 

Once the chip was ready, I flushed the chamber with 2-iso-propanol and sonicated 

the chip for 30 min to remove all the debris (FB50, Fisher-Scientific). Then, I coated 

the internal chip surface to facilitate bacterial attachment with a passivation 

buffer. The passivation buffer contained 10 mg/mL Bovine Serum Albumin and 10 

mg/mL Salmond Sperm in a 3:1 ratio352. The process was carried out overnight. 

Finally, the chips were stored in a dry cupboard for a week until their use. 

 Cell trapping in chip 

The preparation of the bacteria started with an overnight culture in the specified 

medium. Before injecting the cells in the microchip, 2 mL of cells were washed by 

centrifugation (Eppendorf 5810R) and resuspended in 2 mL of fresh medium. 

These cells were incubated for 10 min after and then centrifuged and 

concentrated to 100 µL. This high-density culture was injected into the microfluidic 
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chip and set in a plate shaker at 37 °C for 15 min at 300 rpm (Grant-bio, PHMP). 

Once the cells were trapped in the channels, the chip was connected with an inlet 

and outlet tubing (Tygon ND-100-80 Medical Tubing - 0.5 mm ID, 1.52 mm OD). 

Next, I flushed the chip with plain M9 for 10 min so that any cells remaining in the 

main channel were removed. 

 Statistical analysis and data analysis 

All the scripts used for the analysis throughout this thesis are available at 

www.github.com/phisanti/phd_thesis.  

 Statistical analysis 

All statistical analyses, including data plotting, data transformations and models, 

were performed with the R programming toolkit. The scripts were written on the 

RStudio IDE. All scripts can be found at www.github.com/phisanti/phd_thesis.  

Moreover, unless the contrary is indicated, all the experiments were performed 

on at least three independent occasions (biological replicates) and a minimum of 

three technical replicates. Also, for every figure, the uncertainty intervals are 

described with the standard error. This measurement allowed us to accurate 

estimates of the sample mean. 

 Image analysis  

All movies were analysed with the ImageJ suite (v1.58) using custom python 

scripts. The scripts consisted of image registration (module: Template matching, v 

2019.06.24.090951), image segmentation (module: Weka Segmentation, v 

3.2.35372), and cell tracking (module: TrackMate, v7373. Once the pixel intensity was 

measured, I analysed the data within the Rstudio suite. 
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Summary 

Lipid bilayer studies of bacterial porins have suggested the dynamic regulation of 

conductance due to changes in the ionic environment. Thus, in this chapter, I 

examine the effect of internal ions on porin permeability in vivo. 

Using a flow cytometry method, I found that the main contributors to membrane 

permeability are the OmpF and OmpC porins. Then, I assessed the impact of a wide 

range of ionophores, finding CCCP and valinomycin as potent modulators of 

permeability. Treating the cells with these ionophores to clamp the internal levels 

of H+ and K+, I observed that low proton or high potassium concentrations 

increased permeability. Replication of this work with the porin knock-out (KO) 

revealed that the potassium influence disappeared in the ΔompC strain, while the 

proton effect was present in all porin KO strains. 

Next, expressing an optically activated proton pump (ArchT), I modulated the 

periplasmic pH at the single-cell level. Simultaneous expression with a fluorescent 

pH sensor showed that light activation of ArchT caused a proton flux. Using a 

microfluidic device, I showed that decreasing the periplasmic pH reduced the 

cellular uptake of porin dependent fluorescent markers. 

Finally, I complemented my empirical observation with a molecular dynamic 

simulation of OmpF and OmpC at different protonation states. This work revealed 

that protonation of periplasmic residues caused a pore contraction. 

In view of the above, our data suggest that E. coli permeability depends on the ion 

concentration associated with cells. Particularly, I provided evidence for the effect 

of changes in pH and potassium on membrane permeability. 
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I have performed all the experiments and analyses described in this section except 

for the molecular dynamic simulation. This work was done by Ali Al-Sulami, PhD 

student in Prof. Sir Tom Blundell’s Lab (Department of Biochemistry). 
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Introduction 

Porin reconstitution in lipid bilayers or vesicles has been the dominant technique 

to study the permeability properties of porins. This type of experiment helped to 

reveal the exclusion size374, charge bias83,87, and the impact of membrane potential 

across the pore86,90,197. Recently, Cama et al. have developed an optofluidic assay 

for in-situ measurement of auto-fluorescent drug uptake in porin reconstituted on 

liposomes, showing the effect of pH on permeability375.  

Nevertheless, the relevance of these findings to the physiology of living bacteria 

remains poorly understood. The best-studied case is the impact of cations on the 

permeation of penicillin derivatives through OmpC, where increases in salt 

concentration in the media lead to increases in permeability102. However, the 

mechanics of this phenomenon at the single-cell level are not completely clear. 

The aim of this chapter, therefore, is to explore the role of electrophysiological 

changes on the permeability of live E. coli cells, thus addressing objective A of this 

thesis. 

To achieve this, I developed two main strategies: a flow cytometry assay to 

estimate permeability on several conditions and a microfluidic chip to monitor 

single-cell permeability in situ. I used the flow cytometry method to explore the 

relation between membrane permeability and ion gradients within the bacterium. 

The method deployed in this work was based on the reports by Jarzembowski, 

Hamilton and Jeon376–378. Briefly, they used fluorescent-tagged biomolecules such 

as Bocillin FL (Bodipy-tagged penicillin) or 2NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4-yl)Amino)-2-Deoxyglucose, a green fluorescent glucose analogue) and 

used the increase in cell fluorescence as a proxy for bacterial uptake of the 

compound. In addition, flow cytometry allows the analysis of individual cells and 

large bacterial populations. 
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Then, I combined the precise control of medium conditions within the microfluidic 

chip with an optically activated proton pump to confirm my findings at the single-

cell level. Genetically encoded optogenetic tools enable the specific modulation of 

ion channels at the single-cell level368,379. The main proteins used for this purpose 

are microbial opsins. These are transmembrane channels with a retinal co-factor 

in the centre of the channel368,379. When the retinal molecule absorbs light, it 

triggers a change in conformation that pumps ions across the membrane380. In 

2011, the optically activated proton pump Arch was published as a tool that 

induces transiently and repeatedly proton pump in response to light exposure368. 

In general, these proteins are deployed in order to control neuron silencing and 

action potentials368,379, so for the first time, we express them with the aim to 

control and study the bacterial membrane potential. 

Finally, we provide computational evidence from a molecular dynamics simulation 

to protonate the periplasmic residues of the porins OmpF and OmpC. The data 

suggest that protonating the periplasmic residues at pH 3 leads to a change in 

conformation that reduces the pore diameter. This change will then support the 

reduction of permeability observed in the empirical assays. 
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Material and methods 

 Flow cytometry protocol for permeability 

estimation 

The development of the method for permeability estimation in bacteria was 

fundamentally derived from Jarzembowski, Hamilton and Jeon376–378. In brief, a 

bacteria culture was set overnight at 37 °C in minimal medium M9, supplemented 

with casamino acids 1 g/L, tryptophan 1 mM and glucose 1 g/L. Glucose was not 

added to the medium for 2NBDG experiments. The next day, aliquots of the parent 

culture were diluted to an OD~0.05 in the same fresh medium. The total volume 

was 25 mL and placed in a 250 mL conical flask. When the cultures' turbidity 

reached an OD of 0.1-0.25, the bacteria were split in a 96-well U-shape plate with 

180 μL per well. Here, I added 10 μL of the treatment stock solution, sealed the 

plate with gas-permeable film (4titude, PCR0548) and returned it to the incubator. 

After 30 min, I added 10 μL of the fluorescent tracer from the reservoir. The 

concentration of the fluorescent tracer in the reservoir was diluted so that I could 

keep the final volume constant. After adding the fluorescent probe, the plate was 

returned to incubation for a specified time. Next, 200 μL were transferred to a V-

bottom 96-well plate (Costar), and it was centrifuged 5 min x3900 rpm (Eppendorf 

5810R, rotor S-4-104) and washed twice with PBS. Finally, samples were fixed and 

resuspended in PBS + 4% formaldehyde, stored at 4 °C and analysed after 16 h. 

Then, I used iCyt Eclipse (Sony) to read the fluorescence from the samples. This 

device is equipped with 488 nm, 561 nm and 642 nm laser sources along with 

Hoechst and FITC filter sets. 

The data was analysed using the R programming language (see section 2.6). In 

order to control for the cell size effect on the uptake of the fluorescent tracer, the 

fluorescent signal of the tracer was divided by the forward scatter (FSC) signal as 
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this is proportional to cell size381. Then, I subtracted the fluorescent intensity value 

of cells without tracer, considering it as the background. 

 Treatment optimisation 

Ionophore dosage was optimised by measuring the effect of different 

concentrations on the membrane potential. First, a bacteria culture was set 

overnight at 37 °C in minimal medium M9, supplemented with casamino acids 1 

g/L, tryptophan 1 mM and glucose 1 g/L. This sample was set overnight at 37 °C in 

minimal. The next day, an aliquot was diluted to an OD ~ 0.05 and the cultures 

were returned to the incubator until they reached exponential phase, defined as 

turbidity between 0.15 and 0.25 OD. At that point, cultures were split in a 96-well 

plate, flat-bottom for fluorometric assays (µCLEAR, Greiner-bio-one). To each well, 

I added Thioflavin T (ThT, T3516, Sigma-Aldrich) to a final concentration of 10 μM. 

This fluorophore served as a proxy for membrane potential, as described by 

Prindle213. After adding the ThT, the plate was transferred to a plate reader with 

orbital shaking and temperature at 37 °C (ClarioStar, BGM LABTECH) for 60 min to 

allow marker uptake. Then, I took the plate out to add 10 μL of the diluted 

ionophore to each well and transferred the plate back to the plate reader. The 

intermediate dilution was done in a 96-well plate to reach the desired 

concentration. The ThT fluorescence was monitored with a CFP filter set 430/20 

and 480/20.  

 Cloning and expression of ArchT 

A pBAD-TOPO vector was employed to express ArchT on E. coli K-12 BW25113 

cells. In this system, the target gene is cloned into the plasmid under a pBAD 

promoter sequence (Figure 3.1). Therefore, I could modulate expression through 

the addition of L-arabinose to the medium. All the strains employed in this work 

have the Δ(araD-araB)567 mutation (see Table 3); hence this system delivered a 

thigh-controlled expression. 
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Figure 3.1: Expression vector pBAD-archT.  

The backbone of this expression system is the pBAD-TOPO which is specifically designed for one-
step cloning. The pBAD promoter, along with a T7 ribosomal binding site, controls the expression 
of the target protein. Thus, expression can be modulated with different L-arabinose 
concentrations. 

The expression system was built using a Gibson assembly protocol363. The 

backbone was amplified using the pSCM001 as a template, and pLenti-CaMKIIa-

eArch 3.0-EYFP was used for the ArchT amplification329,368. The PCR protocol for 

the amplification is described in see section 2.3.1. The fragments were validated 

by DNA electrophoresis. Then, all the DNA parts were assembled using the Gibson 

assembly kit (kit number E2611, NEB363). Finally, the resulting construct was 

transferred to E. coli DH5α through conventional heat382. The next day, colonies 
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from the positive plate were surveyed with colony PCR using the ArchT primers, 

and the size was verified with DNA electrophoresis. Finally, the insert sequence 

was also confirmed via Sanger Sequencing. 

 ArchT validation 

In order to validate that the ArchT proton pump was operating correctly, cells were 

transformed with the pBAD-ArchT and the pSCM002 (expressing the pHluorin 

sensor under arabinose promoter) simultaneously. This setup allowed us to 

measure changes in cytoplasmic pH while activating the ArchT proton pump. Thus, 

we grew the cells overnight in SOB supplemented with 0.002 g/L arabinose and 20 

µM retinal. Ampicillin and chloramphenicol were used to select for both plasmids. 

Retinal is a cofactor essential for ArchT to work368. The following day, I washed the 

cells with M9 via centrifugation and resuspended them in M9 + 2 g/L glucose. 

Then, I transfer 1 µL of the cells onto a 1,5 % agarose pad346. Agarose pads were 

prepared by mixing PBS + 1 g/L glucose + 1,5 % agarose. Then it was poured into a 

petri dish, and once dried, disks were cut out with a 6-mm diameter puncher 

(Harris, Uni-Core-6.00). Once the agarose pads with the cells were dried, they were 

put on top of a cover slide, as explained by Jong346. 

 2NBDG uptake in the Mother Machine 

For AchT or QuasAr2 expressing cells, the medium was supplemented with 20 μM 

retinal, 100 µg/mL ampicillin and 0.0002 % arabinose, whereas WT cultures were 

only supplemented with retinal in the same concentration. I then trapped the cells 

into the Mother Machine as described in 2.5.3. Then, I wash the cells for 30 with 

plain M9. The flow was set constant at 0.15 mL/h with a syringe pusher (Harvard 

Apparatus). After the cleansing process, I switched the syringe to the appropriate 

medium 2 min before the recording and increased the flow to 1 mL/h. Thus, the 

new medium consistently arrived at the 10th minute of the recording. After 15 

minutes of recording, I steadily decreased the flow back to 0.15 mL/h. 
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Then, 2NBDG permeability was estimated by measuring the increase of 

fluorescent signal of E. coli cells trapped in the Mother Machine side channels. The 

recording set up of the 2NBDG movies was done in a Nikon-N STORM, with a CCD 

camera (Andor-DU-897) and a 100x/1.49NA lens. The microscope had a closed 

environment chamber to maintain the temperature constant at 37 °C. For 

illumination, I used a 488-nm and 561-nm laser light (Aligent Technologies, MLC-

400B). The 2NBDG fluorescent signal was captured with a dichroic mirror 525/50 

(TRF49909), and for the 561-nm laser excitation experiments, I used a quad-band 

filter (97335) in combination with a 525/50nm filter. 

 Molecular dynamics simulation 

This work was performed in collaboration with Tom Blundell's lab by Ali Alsulami. 

All simulations were performed by GROMACS v4.6 (www.gromacs.org) with 

CHARMM36 force fields for 100ns. The trimeric OmpC (2J1N, resolution 2.0 Å, with 

346 amino acid residues) and OmpF (2OMF, resolution 2.40 Å, with 340 amino acid 

residues) was used in this experiment. Both systems were prepared using the 

CHARMM‐GUI web interface. The OmpC 2J1N periplasmic side chains (E2, E43, 

E189, K6, K308, D7, D48, D135, D141, D268) and OmpF 2OMF side chains (E2, E48, 

E183, K6, K10, D7, D54, D92, D149, D266, K305) were protonated based on pka 

value calculated using PROPKA3383, whereas all other residues were set as a 

common state at physiological pH. The OPM server was used for orientation and 

positioning the protein in the membrane, and each system was embedded in a 

pre-equilibrated neutral zwitterionic lipid phosphatidylcholine (POPC) bilayer. All 

the simulations were performed at constant pressure (1 atm) and temperature 

(300 K). The results were analysed by code written by Ali Alsulami. This code can 

also be found at www.github.com/phisanti/phd_thesis. Molecular graphic images 

were prepared using PyMol. 
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Results 

 Optimisation of bacterial permeability assay 

To quantify porin permeability, I employ a method based on the flow cytometry 

measurement of the uptake of fluorescent compounds376–378. The rationale is that 

short exposure of the bacteria to a fluorescent compound allows for a limited time 

uptake. Thus, the fluorescence detected with the flow cytometer is proportional 

to the bacterial permeability.  

Thus, cells were grown in M9 supplemented with glucose 1 g/L + casamino acids 1 

g/L and 1 mM tryptophan. When the cultures reached the exponential phase (OD 

0.1-0.3), I added a fluorescent tracer. The compounds used in this study were 

fluorescent penicillin derivative Bocillin FL (BFL), the DNA dye Hoechst 33342 

(Hoechst), the glucose analogue 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-

2-Deoxyglucose (2NBDG), and Oregon Green (see Table 6 for further reference). 

All these compounds have been previously used in the study of bacterial 

permeability377,384–386. In addition, two of them (2NDBG and Bocillin) resemble 

relevant biological molecules (glucose and penicillin, respectively). After washing 

and fixing the cells, I measured the cell fluorescence via flow cytometry (section 

3.1).  

To evaluate this method, I exposed the cells of a range of tracer concentrations. 

Here I found that the tracer fluorescence was increased with the external 

concentration (Figure 3.2). Thus, I set the optimal concentration of each tracer as 

described in Table 6. In general, the optimal concentration was set to the midpoint 

of the sigmoidal curve (see red line in Figure 3.2) in such a way that changes in FL 

concentration were proportional to changes in fluorescence in an approximately 

linear fashion. It is relevant to point out that the detection of Oregon Green 

required a much higher concentration relative to the other tested compounds 

(Figure 3.2, H). 
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Figure 3.2: Tracer uptake by bacteria depends on external concentration.  

Fluorescence tracer uptake after 15 minutes by E. coli growing in supplemented M9 (section 
2.2.2). (A, C, E, G) Increase of raw fluorescence for the fluorescent tracers. The concentration for 
each histogram is indicated on the top. The X-axis indicates the raw fluorescence detected on the 
cells-gate, while the Y-axis represents the relative counts for each histogram. (B, D, F, H) 
Correlation between corrected signal and tracer concentration. Fluorescence was corrected by 
dividing the fluorescent signal by the forward scatter channel (FSC) signal to compensate by the 
cell size, and then it was subtracted the background fluorescence (cells signal without tracer). 
Then the geometric average of the histogram was averaged across replicates for each point. Error 
bars indicate the standard error. The red line indicates the optimal concentration used 
throughout the rest of this project. 

 Time optimisation of bacterial permeability assay 

After setting the working concentration for each tracer (see red line in Figure 3.2), I 

studied the time course for their uptake. For this, I added the optimised amount 

of each tracer (see Table 6) and then incubated the cells for incremental periods. 

The results revealed that for three of the 4 tested compounds, the uptake 

flattened after 15 min (Figure 3.3). Therefore, I fixed the optimal duration of the 

uptake assay as 15 min. The only noticeable exception was the uptake of Oregon 

Green which peaked at 40 min and then started to decrease (Figure 3.3). 
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Figure 3.3: Fluorescence tracer uptake over time.  

The figure shows the relationship between the tracer uptake (Corrected fluorescence) and time 
(section 2.2.2). As before, corrected fluorescence was calculated by dividing the tracer 
fluorescence by the FSC and background subtraction. The red line indicates the optimal time point 
for the final experimental conditions for further experiments. Notice that all the tracers reach the 
plateau at approximately 15 min with the exception of Oregon Green. 

 Porin deletion decreases 2NBD, BFL and Hoechst uptake 

Once I had established a robust assay to measure bacterial permeability, I aimed 

to confirm that porins mediated the uptake of these fluorescent tracers. 

Therefore, I measure porin permeability with the optimized assay (see Figure 3.4). 

In addition, due to my interest in the participation of ions in bacterial permeability, 

I added KO strains involved in regulating membrane potential (see Table 1 for the 

complete genotype details). These included the ion channels ClcB (Cl- channel, 

section 1.4.4.4) and Kch (K+ channel, section 1.4.4.2), along with the tryptophanase 

(TnaA, section 1.5.5.1) due to its role in membrane depolarisation.  

My results suggested that all knock-out strains included in this study significantly 

affected 2NBDG uptake (Figure 3.4). In addition, BFL uptake was affected by the 

deletion of the porins OmpF, OmpC, OmpG, and the putative membrane protein 
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NmpC (Figure 3.4). Interestingly, the deletion of the ion channels ClcB and Kch also 

affected BFL uptake (Figure 3.4). Finally, Hoechst uptake was clearly affected by the 

deletion of all studied strains except TnaA (Figure 3.4). Nevertheless, I did not find 

any effect of porin deletion on Oregon Green permeability. Thus, I discarded this 

compound for further study (Figure 3.4). 

 

Figure 3.4: Fluorescent tracer uptake is mediated by porins.  

Fluorescence tracer uptake after 15 min by E. coli mutants growing in supplemented M9 (section 
2.2.2). Each dot represents the geometric mean of a biological replicate. The black line indicates 
the mean value for each strain. The statistical significance was evaluated with a t-test using the 
WT strain as the reference group. Here, one star denotes p-val. < 0.05, two stars p-val. < 0.01, 
three stars p-val. < 0.001, and four-stars p-val. < 0.0001. Corrected fluorescence was calculated 
by dividing the fluorescent signal by the FSC signal to compensate by the cell size, and then I 
subtracted the background fluorescence (cells signal without tracer). For all the panels, the 
dashed line indicated the mean WT value. 
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 Ionophore effect on membrane potential 

 Ionophore optimisation 

Next, I aimed to determine the influence of individual ions on membrane 

permeability. For that purpose, I treated cells with different ionophores before 

adding the fluorescent tracer. In order to determine the optimal concentration for 

each ionophore, I tested the effect on general membrane potential. To that end, I 

stained the exponentially growing cells with 10 µM of Thioflavin T (ThT). The 

fluorescence of this compound increases when the membrane potential decreases 

(hyperpolarisation)213. After 1 h of equilibration, I treated the cells with different 

ionophore concentrations and measured the ThT fluorescence change (Figure 3.5). 

 
Figure 3.5: Ionophore treatments impact membrane potential.  

The y-axis denotes the relative fluorescence of each treatment compared to control (PBS). The 
dark coloured line represents the average and the shaded area the standard deviation. The grey 
vertical line represents the time point when the ionophore was added to the sample.  

The ionophores studied in this work were the following: the proton ionophore 

carbonyl cyanide 3-chlorophenylhydrazone (CCCP), the naturally produced 
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protonophore indole, the pore-forming polymyxin B nonapeptide hydrochloride 

(PBNP), the potassium ionophore valinomycin, and the proton/potassium 

antiporter nigericin. All the compounds were dissolved in ethanol. The final 

ethanol concentration in the sample was kept below 1 % (10 g/L). The results 

showed that, as expected, CCCP caused effective membrane depolarisation, while 

nigericin and valinomycin had a mild impact on membrane potential. Interestingly, 

PMBN at concentrations below 50 µM caused membrane depolarization, but 

above 50 µM, this compound led to membrane hyperpolarisation. Finally, I found 

the surprising effect of indole causing a transient membrane hyperpolarisation, 

which conflicts with previous reports. I will deal with this issue in detail in Chapter 

6:. The final concentration of each ionophore used throughout the rest of this work 

can be found in Table 5330. 

 CCCP and valinomycin modulate permeability 

 

Figure 3.6: Ionophores modulate tracer uptake.  

Fluorescence tracer uptake after 15 min by E. coli mutants growing in supplemented M9 (section 
2.2.2). Each dot represents a biological replicate. The red dotted line indicates the control 
average. The statistical significance was evaluated with a t-test using the WT strain as the 
reference group. Here, one star denotes p-val. < 0.05, two stars p-val. < 0.01, three stars p-val. < 
0.001, and four stars p-val. < 0.0001. Corrected fluorescence was calculated by dividing the 
fluorescent signal by the FSC signal to compensate by the cell size, and then I subtracted the 
background fluorescence (cells signal without tracer). 
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To measure the impact on membrane permeability, I added a pre-treatment step 

to my protocol. Consequently, before adding the fluorescent tracer, I treated cells 

for 30 min with the ionophore or the vehicle alone. A summary of the effect of 

each ionophore on the membrane permeability is shown in Figure 3.6. This 

experiment showed that the treatment with PMBP, nigericin or valinomycin had a 

very significant effect on BFL uptake. Surprisingly, valinomycin and nigericin had 

opposite effects on Hoechst and 2NBDG permeability. In addition, I also found that 

the proton ionophore CCCP increased the uptake of BFL, Hoechst, and, most 

drastically, 2NBDG. Therefore, I undertook subsequent analysis mainly using 

2NBDG. 

 High internal potassium increases porin 

permeability 

 

Figure 3.7: Permeability of valinomycin treated cells depends on potassium concentration.  

Diagram showing the uptake of 2NBDG by E. coli after a treatment to modulate their internal 
potassium concentration. The dots represent the average across replicates, and Error bars denote 
the standard error. In red, I have the valinomycin treated cells (30 min incubation with 100 µM 
valinomycin), and in blue, the untreated cells. All experiments were carried out in 96-well plates.  

Given the remarkably effect of valinomycin on the permeability of 2NBDG, I went 

on to perform a more detailed study on the effect of potassium on cell 

permeability. Thus, I compared the uptake of 2NBDG in valinomycin treated cells 
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at a wide range of external potassium concentrations. Previous studies showed 

that high salt concentration (>100 mM of any monovalent cations) could 

significantly affect bacterial permeability102. Hence, I used an osmotically neutral 

medium based on HEPES buffer with NaCl and KCl as counter ions. Thus, the total 

cation concentration was kept constant at 150 mM for all conditions. This 

experiment made clear that high internal concentrations of potassium increased 

2NDBG permeability (see Figure 3.7). 

Subsequently, I replicated the same experiment on KO strains’ the main porins: 

OmpC and OmpF. Surprisingly, this work showed that ΔompC did not show 

permeability changes with changes in external potassium. The ΔompF strain, 

however, had a similar increase in permeability with increases in potassium to WT, 

albeit with generally lower uptake (see Figure 3.8). 

Figure 3.8: The porin OmpC mediates the 
potassium effect on permeability.  

Uptake of 2NBDG by different E. coli strains 
after a treatment to modulate their internal 
potassium concentration. The dots represent 
the average across biological replicates, and 
error bars denote the standard error. In blue, I 
have the WT strain against the ΔompF (green) 
and ΔompC (red). Cells were treated with 100 
µM valinomycin for 30 min with the indicated 
KCl concentration. I then harvest the cells as 
described in 3.1. All experiments were carried 
out in 96-well plates.  

 

 

 The decrease in internal pH reduces permeability 

To further understand the effect of pH on membrane permeability, I exposed 

bacterial cells to a wide range of pH in the presence or absence of CCCP. Here, 

CCCP clamped the internal proton concentration with the medium. The data 
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indicate that 2NBDG permeability changes only in the presence of CCCP (see Figure 

3.9). This evidence suggests that the internal pH controls the membrane 

permeability rather than the pH medium. 

 

Figure 3.9: Permeability of CCCP treated cells correlates with pH.  

Diagram showing how the modulation of the cellular pH drives the uptake of 2NBDG in E. coli. 
The dots represent the average across biological replicates, and error bars denote the standard 
error of the three replicates. CCCP treated cells are represented with red dots (30 min incubation 
with 250 µM CCCP) and in blue, the untreated cells. All experiments were carried out in 96-well 
plates.  

To examine this effect in more detail, I repeated this experiment on the porin KO 

strains ΔompF and ΔompC. This experiment revealed the individual contribution 

of each porin (see Figure 3.10). Here, I found that the uptake of 2NBDG is reduced 

in ΔompF and strongly impaired in the ΔompC strain. Still, the pH effect was 

present for all three strains. 
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Figure 3.10: The pH permeability effect of CCCP treated cells depends on bacterial porins.  

Uptake of 2NBDG by different E. coli strains after a treatment to modulate their internal pH. The 
dots represent the average across biological replicates, and error bars denote the standard error 
of the three replicates. In blue, I have the WT strain against the ΔompF (green) and ΔompC (red). 
Cells were treated with 250 µM CCCP for 30 min at the indicated pH. I then harvest the cells as 
described in 3.1. All experiments were carried out in 96-well plates. For all the strains, the data 
shows that a decrease in pH leads to a decrease in 2NBDG uptake. 

 ArchT activation increases cytoplasmic pH 

In view of the apparent correlation between internal pH and 2NBDG permeability, 

I extended the study to examine whether modulation of permeability was due to 

changes in periplasmic pH. I, therefore, assembled a light-activated proton pump 

(ArchT) in a plasmid for bacterial expression (section 3.3). ArchT is an 

archaerhodopsin derived from Halorubrum strain TP009387. This protein responds 

to yellow light by transporting protons across the membrane. For this function, it 

requires a retinal co-factor. Although ArchT has been successfully expressed in 

bacteria, it is mainly expressed in neural cell lines368,379,387. Thus to evaluate the 

ArchT efficiency of Arch depolarisation in E. coli, I expressed ArchT in conjunction 

with the pH sensor pHluorin. This protein is a GFP derived fluorescent protein 

whose fluorescence intensity is proportional to the pH of the cytoplasm329,365. 

Using a TIRF microscope (see section 3.5), I compared the pHluorin fluorescence 
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of cells with or without 561 nm laser illumination, which activates the ArchT pump. 

Therefore, I saw that the cytoplasmic pH of the cells expressing ArchT increased 

when exposed to the 561 nm light source (Figure 3.11), indicating that ArchT was 

pumping protons to the periplasm. This result indicated that the expression of the 

ArchT system could be used to pump protons to the bacterial periplasm in vivo. 

 
Figure 3.11: Illumination with 561 nm light leads to a decrease in cytoplasmic pH of cell expression 
ArchT.  

A) Trace plot of the pHluorin tracer in E. coli. The Y-axis indicates the relative pHluorin 
fluorescence. The trace of each cell is represented in grey. The red dashed line represents the 
average of all cells, while the red shaded area represents the standard deviation in red. The green 
rectangle indicates when the 561 nm excitation light was activated. B) Average fluorescence of 
pHluorin cells expressing ArchT vs empty vector with or without light exposure. The error bar 
represents the standard error. The statistical significance was assessed with a t-test, p-value < 
0.001. 

 ArchT activation decreases 2NBDG uptake 

Next, I measured the impact of ArchT activation on 2NBDG uptake. For this 

purpose, I grew E. coli cells expressing ArchT and trapped them into the Mother 

Machine. I then transferred the device to the microscope and washed the cells 

with M9 for 30 min. At this point, I added the 2NBDG to the medium and compared 

the uptake. The result demonstrated that ArchT cells uptake 2NBDG at a similar 

rate to the empty vector strain (Figure 3.12A). However, when I activated the 
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ArchT pump with the 561 nm light source, I noticed a considerable decrease in 

2NBDG uptake, not seen in the empty vector control (Figure 3.12C).  

 

Figure 3.12: Light activation of AchT leads to a decrease in 2NBDG uptake.  

A) 2NBDG signal in single cells. The dark coloured line represents the population average with the 
shaded area as the standard error. I represented in the left panel in green the WT cells and in 
blue the ArchT cells both without 561 nm illumination; in the right panel, I have in purple the WT 
cells and in red the ArchT cells under 561 nm illumination. For the statistical comparison of the 
uptake rate between empty vector and ArchT expressing cells, I compared each sample with the 
empty vector as a reference (t-test, p.val < 0.001). B) Representative images of cells for all 
conditions. 
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 2NBDG uptake correlates with membrane 

depolarisation 

Given the effect of ArchT activation on bacterial permeability, I investigated 

whether the bacterial membrane potential changes might correlate with nutrient 

uptake. For that purpose, I monitored the uptake of 2NDBG on E. coli cells in the 

Mother Machine expressing the voltage sensor QuasAr2. This reporter was a kind 

donation of Adam Cohen's lab366. The fluorescence of this sensor increases with 

membrane depolarisation. The experimental results are summarized in Figure 3.13A 

and B, where it is clear that the arrival of 2NBDG to the cells is accompanied by 

general depolarization of the bacterial population. In addition, Figure 3.13C shows 

how 2NBDG fluorescence in the cells is correlated with Quasar2 fluorescence. 

 

Figure 3.13: Uptake of 2NBDG correlates with an increase in Q2 fluorescence.  

Bacteria were grown overnight in SOB + 20 µM retinal, 0.002 g/L arabinose and ampicillin. Note 
that as in ArchT, QuasAr2 is a proteorhodopsin, so it requires retinal to work. The next day, cells 
were washed with M9 and concentrated 2 mL in 100 µL. Then, I injected the cells into a 
microfluidic chip. I allowed 10-15 min to allow the cells to enter the side channels and flushed the 
chip with M9 at 1 mL/h flow rate. Finally, before adding 20 µg/mL 2NBDG, I washed the chip for 
30 min with M9 A) Representative images of QuasAr2 fluorescence and 2NBDG fluorescence. The 
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white scale bar represents a 1 µm distance. B) Fluorescence trace of a representative cell, 
QuasAr2 fluorescence (red), and 2NBDG fluorescence (green). C) Linear regression plot of 
QuasAr2 fluorescence and 2NBDG fluorescence. The coloured heatmap represents a density plot 
of all the sample points of the whole population. The black line stands for the simple linear 
regression of the two fluorophores. The R2 of the model is 0.78, and the value of the β estimate 
is 1.35 (p-val. < 0.001). 

 Porin protonated periplasmic residues lead to 

pore contraction 

Further structural analysis was done to determine the molecular mechanism 

behind the change in porin permeability with the pH. In collaboration with Ali 

Alsulami (Professor Sir Tom Blundell's Lab, Department of Biochemistry), we ran a 

molecular dynamic simulation of the two main E. coli porins (OmpF and OmpC) 

and neutral and low periplasmic pH. The low internal pH effect was simulated by 

protonating several residues from the periplasmic side (see methods section 3.6). 

The final model suggested a general reduction in the diameter (Figure 3.14). 

Interestingly, the OmpC pore had a more significant contraction (2.5 Å to 1.7 Å) 

than OmpF (1.8 Å to 1.4 Å). 

 

Figure 3.14 Protonation of the periplasmic residues compresses the pore diameter of OmpC and 
OmpF. 

Analysis was done at constant pressure (1 atm) and temperature (300 K, 26 °C). All images are 
the views from the inside (periplasmic side). The cut-through section of the porin was done at the 



Phd Thesis: Ionic Ccontrol Of Porin Permeability 

76  

midpoint of the pore. Electrostatic potential was visualised with blue (positive potential) to red 
(negative potential). 
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Discussion 

This study has demonstrated that intracellular protons and potassium modulate 

bacterial membrane permeability. 

 Membrane permeability estimation 

Firstly, I have shown that fluorescent markers combined with flow cytometry 

represent an optimal method to estimate bacterial permeability. This technique 

could discriminate between the WT strain and the main porin KO (OmpF and 

OmpC), known to affect permeability26, which validated our approach. It also 

allowed us to screen the effect of several ionophores on membrane permeability. 

In accordance with previous studies84,85,93,102, I found that ions, mainly protons and 

potassium, modulated permeability. One possible explanation for this result could 

be an interaction between the dye and the ionophore, but the CCCP treatment 

produced consistent results in three different markers (2NBDG, Hoechst and BFL), 

while valinomycin produced similar results in two of the markers (2NBDG and BFL). 

 Potassium increases permeability 

I found that the modulation of external K+ concentration only affected porin 

permeability in the presence of valinomycin, implying that the internal levels of K+ 

were driving the permeability change. It could be argued that the increase in 

permeability was due to an increase in cations as reported by Kojima102, but I 

accounted for that effect using an osmotically neutral buffer. In addition, when I 

applied this method to the porin KO (OmpF and OmpC), I noticed that the 2NBDG 

permeability of the ∆ompC strain was less susceptible to KCl than the WT strain 

and the ∆ompF strain (see Figure 3.8). Together, these findings are strongly 

suggestive of a potassium interaction with the OmpC residues. Interestingly, 

Kojima reported significant changes in the electrostatic surface of OmpC with the 
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addition of monovalent cations102. However, as will be shown in section 4.5.3, 

valinomycin treatment does not have a strong influence on the cytoplasmic K+. 

This observation further supports the idea of periplasmic K+ as a driver of porin 

permeability. 

 Proton decreases of permeability 

Due to its interesting effects, I conducted a comprehensive analysis on the impact 

of CCCP and protons on 2NBDG uptake. Initially, I showed that CCCP treated cells 

quickly respond to the changes in the pH, yet control cells were less susceptible. 

Next, I asked whether the source of this effect was related to porins. Thus, I 

replicate the same conditions with the major porin KO: ΔompF and ΔompC strains. 

Whilst both mutants presented a decrease in uptake, the permeability of all strains 

decreased significantly with the decrease of the medium pH (see Figure 3.10).  

Furthermore, the expression of ArchT in E. coli provides a valuable tool to 

manipulate the cellular pH at the single-cell level. The combined expression of 

pHluorin and ArchT shows that the system is very responsive and tightly 

controlled. Growing E. coli cells expressing ArchT demonstrated that permeability 

was affected only with the 561 nm light activation. This observation represents 

strong evidence that the periplasmic pH affects bacterial porin permeability. 

However, an alternative explanation could be that ArchT influences the inner 

membrane transport of 2NBDG or stimulates its efflux. The enhanced efflux of 

2NDBG could result from the hyperpolarised membrane, which stimulates the 

function of antiporters as described in the introduction (section 1.4.4.6). 

Nevertheless, this phenomenon would appear unlikely because no known proteins 

mediate glucose efflux in E. coli. 

Moreover, the increased hyperpolarisation of the inner membrane should not 

affect the uptake of 2NBDG because, like glucose, this molecule is taken up via the 

PTS system, which works independently of the proton gradient (see section 
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1.4.2.1). The use of the PTS is evident from the decreased uptake of 2NBDG when 

both are available due to competition388. Nevertheless, experimental 

corroboration that ArchT disrupts porin permeability could be achieved by 

measuring uptake of additional tracers, such as BFL or Hoechst. 

 Membrane depolarisation correlates with 2NBDG 

uptake 

The results of the ArchT activation experiments implied that a hyperpolarised 

membrane decreased the cell permeability. Therefore, I set to test this deduction 

by measuring the uptake of 2NBDG while monitoring the membrane potential. To 

monitor the membrane potential, I used QuasAr2, whose fluorescence increases 

when the membrane potential decreases. This reporter pointed to a decrease in 

membrane potential with the uptake of 2NBDG. Two models could explain this 

correlation: Either 2NBDG uptake to the cytoplasm consumes the proton gradient, 

and with it, the membrane potential, or the membrane hyperpolarisation blocks 

uptake at the level of porins. Similar to the previous suggestion, this issue could be 

solved by monitoring the uptake of BFL and QuasAr2 simultaneously. 

 Porin pore diameter narrows with protonation 

The molecular dynamic simulation revealed that the periplasmic residues' 

protonation triggers a conformational change that closed the pore size. Despite 

the fact that our simulation suggested a reduction in pore diameter with 

protonation in OmpF and OmpF porin, the OmpC porin presented a greater 

diameter reduction. Nevertheless, our results presented two major limitations. 

First, the periplasmic residues were explicitly protonated in a pre-defined manner. 

Fixing this parameter means the model could have a protonation state that does 

not occur in vivo. A more realistic approach could be performing a constant-pH 
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replica-exchange where the simulation samples through the protonation state of 

each residue at different pHs. Although this method has been implemented for 

globular proteins389–391, our goal was to simulate a different pH across the 

membrane, which presents further complexity392. The second issue was that our 

simulation had a constant K+ concentration. That means the simulation model 

could not explore the potassium-permeability interaction described in the 

experiments. Given our current findings, a complete model could be considered. 

A hypothetical complete model should include the effect of potassium as well as 

the interaction of surrounding lipids with their protonation state. 

 Conclusion 

In conclusion, this study has presented a strong case for the regulation of porin 

permeability by ions in living bacteria. In particular, the results indicated that 

changes in the internal concentration of protons and potassium ions modulate 

bacterial permeability. Moreover, the OmpC porin seems to respond strongly to 

changes in potassium. Furthermore, with the help of the optogenetic proton pump 

ArchT, I demonstrated that increasing the periplasmic pH is enough to collapse cell 

permeability. This finding provides valuable insights into the mechanism of porins. 

In addition, we present a computational model to explain the molecular 

mechanism responsible for this phenomenon. Previous works have studied the 

impact of site-directed mutations on the L3-loop393,394, but the effect of changes 

in the periplasmic residues remains poorly understood. The role of the periplasmic 

gate in permeability has mainly been studied through computer simulations91. 

Moreover, our MDS data is consistent with the broader literature, but the ultimate 

verification should come with empirical evidence. I intend to provide this 

information using porins reconstituted in lipid vesicles with a defined pH inside 

and out. 
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Summary 

The previous chapter provided a wealth of evidence suggesting that changes in 

periplasmic pH and potassium modulate porin permeability in E. coli. However, it 

is not clear whether changes in these ions could, therefore, act as dynamic 

regulators of porins in vivo. This section aims to explore the presence of ion 

oscillations in live bacteria. For this purpose, I deploy a comprehensive set of 

genetically encoded ion and voltage sensors to understand the cellular regulation 

of ion homeostasis. When combined with the Mother Machine, these tools 

allowed me to study cellular electrophysiology at the single-cell level. 

My results suggest that growing cells show fluctuations of K+ and periplasmic pH. 

In turn, the movement of these ions generates membrane potential spikes. Next, 

I investigate the underlying mechanism of these ionic fluctuations. First, I found 

that the addition of glucose increased the ion movement, which did not occur 

when cells were supplied with no carbon source or lipid base medium. Second, I 

found an increase in membrane potential spikes with the increase of carbon 

source concentration.  

Finally, I investigated the role of the voltage-activated potassium channel Kch on 

the membrane potential spikes. The final analysis indicates that this channel 

determines the resting membrane potential of cells and indirectly affects the 

periplasmic pH. 

I have performed all the experiments and analyses described in this chapter except 

the measurement of Hoechst permeability, which was performed by Dr Anja 

Hagting (Floto lab). 
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Introduction 

In liquid culture experiments, extracellular conditions are well mixed, and cell 

measurements are averaged out. These approaches hide the dynamics of single-

cell heterogeneity362 (see section 1.6). This issue is highly relevant for experiments 

examining cellular electrophysiology because recent studies have shown that 

bacterial membrane potential shows transient depolarisation spikes323.  

The possibility that these transient depolarisations respond to cellular processes 

is supported by studies showing oscillations in the cytosolic pH395 and the 

metabolic cycle of yeast320. Both reports showed that cells supplied with different 

carbon sources present a phase shift in the oscillatory behaviour320. In addition, a 

study done on Bacillus subtilis demonstrated that cells growing in biofilms 

coordinate their behaviour following an alternating metabolic state between 

different regions214. However, a comprehensive analysis covering all the 

components of bacterial electrophysiology is still lacking. 

This project aims to investigate the electrophysiological regulation of E. coli at the 

single-cell level. For that purpose, I leveraged the Mother Machine in combination 

with a broad set of genetically encoded ion sensors. In total, I deployed sensors to 

measure cytoplasmic pH (pHluorin), cytoplasmic potassium (GINKO1), cytoplasmic 

calcium (GCaM), and the membrane potential (QuasAr2)324,329,366,367. In addition, I 

also developed a custom sensor to measure bacterial pH in the periplasmic region 

(pelBC::pHuji)369.  

Overall, I observe an independent regulation of periplasmic pH, suggesting 

periplasmic isolation from the medium. Moreover, in line with the research in 

other organisms320,395, these findings suggest that carbon metabolism controls 

bacterial electrophysiology. Finally, I combine these observations with our 
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previous findings to propose a comprehensive model incorporating bacterial 

electrophysiology and membrane permeability. 
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Material and methods 

 Ion sensor calibration 

Cell traping was done following the protocol described in section 2.5.3. After 

trapping the cells, they were resuscitated with M9 + 1 g/L glucose + 1 g/L casamino 

acids + 1 mM tryptophan for 90 minutes. Then, for the pH calibration, I switched 

the medium to M9 + 1 g/L glucose for 30 min and finally to PBS calibrated to a 

determinate pH with 1 g/L glucose. The pH selected points were 8.5, 7.4, 6.5 and 

5.5. The same procedure was done by adding 250 µM CCCP to the medium to 

permeabilise the cells. In the case of the potassium calibration, I used a medium 

HEPES pH 7.4 with complementary concentrations of KCl and NaCl to keep the 

osmolarity constant at 150 mM. In order to permeabilise cells to the extracellular 

potassium, I treated cells with 100 µM valinomycin. The flowing conditions were 

kept at 0.15 mL/h, and during the switch, I increased the speed to 1 mL/h for 15 

min. Table 8 summarises the illumination setup of each fluorophore. 

Table 8: Illumination conditions of each fluorescent sensor 

Name Excitation (nm) Emission (nm) 

pelBCpHuji 561 620/60 

pHluorin 488 525/50 

GINKO1 488 525/50 

GCaM 488 525/50 

QuasAr2 561 650/LP 

 Ion oscillations  

To observe the ion oscillations, I resuscitated cells with M9 + 1 g/L glucose + 1 g/L 

casamino acids + 1 mM tryptophan. The flow and temperature were kept constant 

at 0.150 mL/h and 37C. After 90 minutes, I started the recording process, which 

lasted until cells started dividing. Finally, I only considered the 45 minutes before 

starting cell division for the data analysis. 
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 Carbon source switching 

After trapping the cells into the chip, cells were washed with a plain M9 medium. 

Once the main channel was clear, the flow was kept constant at 0.15 mL/h for 30 

minutes. At this point, I changed the syringe to the required carbon source and 

increased the flow to 1 mL/h. After flowing the medium for 2 minutes, I started 

the recording. 

 Agar pads 

Agar pads are equivalent to agar plates, but the agar is substituted by agarose due 

to its improved optical properties, and minimal medium is preferred to LB for the 

same reason (see section 1.6). These pads were prepared on the same day of the 

experiment and discarded afterwards. The gel was composed of a 10 mL M9 

medium with 1.5 %(wt/vol) low-melting agarose. In addition, I supplemented this 

with the specified carbon source. I then proceed to dissolve the agarose by 

heating. Once the mixture was entirely homogeneous, the liquid was split into 3 

mL portions onto a 35-mm petri dish. These plates were left to dry for 30 min. 

Once the agar solidified, I used a 6-mm biopsy puncher (Uni-Core, Harris UK) to 

cut out a single-use disk. On top of these agar disks, I dropped 1 µL of cells. After 

the drop was absorbed, the pad was moved onto a CELLview™ Dish with Glass 

Bottom (627870, Greiner) and recording started immediately. 

Cells were grown overnight in SOB medium supplemented with 20 µM retinal and 

0.002 g/L arabinose. The next day, cells were washed with M9 supplemented with 

the specified carbon source and 2 µL were transferred to the agar pad. Before 

starting the recording, pads were left drying for 5 min. 

 Permeability analysis 

For the permeability estimation, a colony of E. coli was grown overnight at 37 °C 

in minimal medium M9, supplemented with casamino acids 1 g/L, tryptophan 1 
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mM and glucose 0.5 g/L. The next day, the source culture was diluted to an 

OD~0.05 in the same fresh medium. The total volume was 60 mL and placed in a 

250 mL conical flask. When the cultures’ turbidity reached an OD of 0.1-0.25, the 

culture was split into 2x15 mL (50 mL tubes). The cultures were spun down 5 min 

x3900 rpm (Eppendorf 5810R, rotor S-4-104), washed with M9 and resuspended 

in 15 mL fresh M9 + glucose (4 g/L high, or 0.04 g/L low) or plain M9 for starvation. 

Then, these cultures were transferred to a 37 °C water bath, and 400 μl samples 

were taken at the indicated timepoints. Each sample was stained with Hoechst (10 

µg/mL ), mixed and incubated for 10 min to allow uptake. Next, the samples were 

centrifuged for 30-sec max speed at 4 °C (Eppendorf centrifuge 5415 R), washed 

once and resuspended in 400 μL ice-cold PBS. Finally, 2x 200 μL was transferred 

to different wells of a V-bottom 96-well plate (Costar), the fluorescence from the 

samples was read using iCyt Eclipse (Sony). This device is equipped with 405 nm, 

488 nm, 561 nm and 642 nm laser sources. 



Phd Thesis: Ionic Ccontrol Of Porin Permeability 

88  

Results 

 Cloning and expression of pelBCpHuji 

The periplasmic pH sensor was based on the pBAD-TOPO vector (section 2.3.2). To 

this backbone, I added the pelB leader sequence. The pelB export signal sequence 

has proven to be successful for delivering recombinant proteins to the periplasm 

of E. coli and Pseudomonas aeruginosa 370,396. This signalling sequence consists of 

22 amino acids placed at the start codon (see Figure 4.1). 

 

Figure 4.1 Expression vector pBAD-pelBC::pHuji. 

The system's backbone is the same as described in section 3.3. Before the start codon of the pHuji 
sequence, I included the pelB leader sequence for export (labelled as PelB_ss). This system allows 
the export of the pHuji sensor to the periplasm. 

Sequentially, I first designed a pBAD_pelBC backbone, which I assembled with a 

Gibson assembly strategy (see section 2.3.1). Then, I inserted the pH sensor. In 
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order to measure the periplasmic pH accurately, I looked for a sensor with a wide 

dynamic range because the periplasmic pH could be up to 2 units lower than the 

cytoplasm, which means a pH 5397,398. Since pHluorin fluorescence collapses below 

pH 6, I opted for pHuji with a working range between 5 and 9369. During the 

assembly process, I used E. coli DH5α, and after validating the sequence, I 

transferred the construct to an E. coli K12 BW25113 WT strain. 

 Ion sensors calibration 

 Periplasmic pH sensor validation 

 
Figure 4.2: pelBC::pHuji sensor calibration 

A, B) Sample images of E. coli expressing the periplasmic pH sensor pelBC pHuji. White scale bar 
equals 1 micron. The cells were trapped in the mother machine, and the flowing media was 
changed accordingly. Panel A show the pelBC::pHuji in cells exposed to PBS medium at different 
pH, while in panel B, the medium also contained CCCP, which permeabilizes the bacterial 
membrane to protons. Cells show accumulation of the periplasmic reporter in the poles. C) 
Normalized fluorescence of the pelBCpH signal in a bacterial population when exposed to 
different pH with and without CCCP. The shaded area corresponds with the standard error. D) 
Average fluorescence of the bacterial population plotted against the medium pH in the presence 
and absence of CCCP. In red, control cells and in blue CCCP treated cells.  

To validate that the periplasmic sensor targeted the periplasm, I grew cells in M9 

supplemented with 1 g/L glucose + 1 g/L casamino acids + 1 mM tryptophan. The 
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following day, I concentrated and transferred them to the Mother Machine. Figure 

4.2 (panels A and B) illustrates that the fluorophore signal was concentrated in the 

periplasmic region. 

Next, I proceeded to assess pHuji pH sensitivity by changing the pH of the external 

medium in the presence or absence of CCCP. At this point, I switched the medium 

to M9 + 1 g/L glucose with decreasing pH, from 8.5 to 5.5 (see Figure 4.2, panels C 

and D). I found that treating cells with CCCP generated a linear response of 

pelBCpHuji fluorescence. Surprisingly, in the absence of CCCP, cells could buffer 

the periplasmic pH (see Figure 4.2C). 

 pHluorin pH calibration 

 

Figure 4.3: pHluorin calibration 

A, B) Sample images of E. coli expressing the cytoplasmic pH sensor pHluorin. White scale bar 
equals 1 micron. The cells were trapped in the mother machine, and the flowing media was 
changed accordingly. Panel A show the pHluorin in cells exposed to PBS medium at different pH, 
while in panel B, the medium also contained CCCP, which permeabilizes the bacterial membrane 
to protons. Compared with the pelBC::pHuji, the pHuorin sensor accumulates over the cytoplasm. 
C) Normalized fluorescence of the pelBCpH signal in a bacterial population when exposed to 
different pH with and without CCCP. The shaded area corresponds with the standard error. D) 
Average fluorescence of the bacterial population plotted against the medium pH in the presence 
and absence of CCCP. In red, control cells and in blue CCCP treated cells.  
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For the cytoplasmic pH measurements, I used the pBAD_pHluorin sensor329. This 

sensor was a kind gift from the Summers Lab (Department of Genetics). In order 

to calibrate this sensor, I followed the same approach as described in the previous 

section. Image analysis confirmed the proper expression of the sensor in the 

cytoplasm (Figure 4.3, panels A and B). 

In addition, I found that CCCP treated cells exhibited a dynamic range between 6 

and 8 pH (Figure 4.3, panels C and D). Finally, it is worth remarking that, in line with 

the previous literature399–401, the untreated cells exhibited a robust capacity to 

buffer the cytoplasmic pH (Figure 4.3). 

 GINKO1 K+ calibration 

 

Figure 4.4: cytoplasmic GINKO1 calibration 

Cells were supplied with M9 + 1 g/L glucose, and then we switched the medium to HEPES + 
KCl/NaCl with a constant osmolarity of 150 mM. A, B) Representative images of E. coli expressing 
GINKO1. White scale bar equals 1 micron. C) Average of the GINKO1 trace of the chip population. 
The shaded area corresponds with the standard error. D) Correlation between GINKO1 and 
concentration of potassium in the medium. In red, control cells and in blue valinomycin treated 
cells.  
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Cytoplasmic potassium was measured with GINKO1367. This plasmid was a kind 

donation of Dr Yi Shen (Campbell lab, University of Alberta). For the calibration, I 

adapted the method described in section 4.1.1, using Valinomycin instead of CCCP. 

Also, I changed the buffer from M9 to HEPES + KCl/NaCl, keeping the osmolarity 

constant at 150 mM (see section 4.1.1). Here, I discovered that the cytoplasmic 

potassium was tightly controlled (Figure 4.4A). 

Strikingly, the images showed that the cytoplasmic environment was strongly 

protected from the valinomycin treatment (Figure 4.4B). Looking at the correlation 

between the signal and potassium concentration in the medium, I found that the 

total removal of the potassium decreased the GINKO1 signal regardless of the 

presence of valinomycin (see Figure 4.4, panels C and D). 

 Spontaneous ion oscillations 

After the calibration of the genetically encoded ion sensors, I looked for the 

presence of natural oscillations. For this purpose, I monitored the fluorescence of 

the ionic sensors in cells trapped in the Mother Machine. During this experiment, 

the cells were supplied with M9 + 1 g/L casamino acids + 1 g/L glucose + 1 mM 

tryptophan. After 90 minutes of resuscitation, I started recording the cell 

fluorescence. Image analysis revealed that the cytoplasmic calcium level remained 

relatively stable during the whole recording (Figure 4.5A). However, I observed 

strong oscillations in periplasmic pH and cytoplasmic K+ (Figure 4.5B). Lastly, I found 

regular but small oscillations in cytoplasmic pH (Figure 4.5B). When comparing the 

volatility among the different ions, I could confirm that the periplasmic pH and 

cytoplasmic K+ were the most dynamic (Figure 4.5C, p-value < 0.001, Mann-Witney-

U test). 
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Figure 4.5: In vivo dynamics of physiological ions in E. coli are dominated by K+ and periplasmic 
pH. 

A) Representative images of the oscillations in the ion sensors. The absolute fluorescence is 
plotted in panel B. The white dot marks the beginning of the image montage, and the grey does 
the end. C) Density plot of the signal variance during a 15-min period of the recording. The 
statistical test compares the volatility of each sensor with the calcium signal due to its stability. 
Statistical comparison was made through a Mann-Witney-U test. 

 Carbon sources drive ion oscillations 

Next, I proceed to investigate the factors affecting the oscillations. I hypothesized 

that the primary driver of the oscillations was carbon metabolism. Since potassium 

and protons are major components of the bacterial membrane potential, I also 

monitored the changes in the spiking frequency of the membrane potential 

reporter QuasAr2366. Thus, I monitored the cytoplasmic K+, the cytoplasmic and 

periplasmic pH, and the membrane potential of E. coli during the arrival of 

different carbon sources (see Figure 4.6). For this purpose, I grew the cells overnight 
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and resuscitated them the next day in the Mother Machine (see section 4.1.3). 

After 30 min wash with M9, I switched to different carbon sources. I found that (i) 

exposure to glucose resulted in oscillations in K+, periplasmic and cytoplasmic pH, 

and membrane voltage; (ii) exposure to lipids resulted in very few ion fluctuations 

and a sustained hyperpolarisation of membrane voltage, while (iii) exposure to M9 

media alone resulted in minimal impact on levels of ions or voltage. (Figure 4.6). 

 

Figure 4.6: Representative traces of the electrophysiological sensors. 

Each trace represents the fluorophore signal of one single cell, with one representative trace of 
each sensor per condition. To compare the signal across conditions, each trace was normalised 
to the pre-treatment condition. The grey dashed line indicates the arrival of the carbon source 
(glucose or lipids) or the removal of the carbon source (toM9). Single-cell tracking was done with 
custom python scripts using the ImageJ and TrackMate suite (see section 2.8). 
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Furthermore, I looked at the signal volatility after the arrival of the carbon source. 

First, I found that the arrival of glucose, the preferred sugar of E. coli, led to an 

increased oscillation of cytoplasmic K+ and periplasmic pH oscillations (see Figure 

4.7). Second, the emergence of oscillations was significantly lower when the 

carbon source was lipid-based (Figure 4.7, p-val 0.0016 for GINKO1, and <0.001 for 

pelBCpH). This behaviour was translated into membrane potential oscillations 

when glucose arrived but not when lipid arrived (Figure 4.7, p-value < 0.001). Finally, 

I found no statistical significance in cytoplasmic pH after the arrival of glucose (p-

value 0.05 compared to lipids).  

 
Figure 4.7: Volatility of electrophysiological ions on different carbon sources. 

Violin plots of the volatility of the ion sensors on each carbon source. The volatility was calculated 
by measuring the variance (σ2) after the arrival of the carbon source and taking into account the 
next 700 seconds. The number at the bottom indicates the cell count for each condition. 
Comparison among each condition was made via the Mann-Whitney test.  

 Carbon sources induce membrane potential spikes 

To further examine the nature of the ion oscillations, I devised a method for 

efficient screening of multiple conditions. For this purpose, I focused on 

membrane potential as representative of the general electrophysiology of the cell 
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using the QuasAr2 reporter323,366. Thus, I grew overnight cells, and the following 

day, I resuspended them in M9 supplemented with the carbon source at the 

desired concentration. To measure the membrane potential activity, I transferred 

them to agar pads containing the same carbon source and proceeded to record 

the QuasAr2 fluorescence under the microscope (for details, see methods 4.2). 

The selected carbon sources were glucose and fructose (both glycolytic and PTS-

dependent), pyruvate and fumarate (gluconeogenic and independent of the PTS 

transport system). For the data analysis, I looked at the number of peaks under 

each condition. A peak or spike was defined as the rapid increase of the QuasAr2 

signal above the baseline, reaching at least 1.5x (AU). Then, I modelled the data 

using a generalized linear model that allowed the parametrization of spike count 

(see Table 9). The resulting model revealed that the spike count mainly depended 

on the carbon source as well as the concentration (Figure 4.8A).  
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Table 9: Full description of the parametric model for spike count.  

Modelling was performed with the glmmTMB package402. 

Full model 

𝑦𝑖 = 𝑵𝑩(𝜂|𝜃, 𝑝) = 𝔼(𝑦 = 𝑘|𝑠𝑝𝑖𝑘𝑖𝑛𝑔) ∗ ℙ𝑘(𝑦 = 𝑘) + 0 ∗ ℙ0(𝑛𝑜𝑡 𝑠𝑝𝑖𝑘𝑖𝑛𝑔) 

Conditional model 

𝜂 = exp (𝑿𝛽 + 𝒁𝑏 = 𝒙𝟏𝑪𝑺 +  𝒙𝟏𝒍𝒐𝒈(𝒄𝒐𝒏𝒄) + 𝒛𝟏𝒓𝒆𝒑𝒍𝒊𝒄𝒂𝒕𝒆) 

  Estimate Std. Error Z-value p-val (P(x>|z|) 

CS=Glucose 0.507514  0.122212  4.153 3.29e-05 *** 

CS=Fructose 0.379303  0.119227  3.181  0.00147 ** 

CS=Fumarate -0.191135  0.134311  -1.423  0.15472  

CS=Pyruvate 0.600709  0.118515  5.069 4.01e-07 *** 

Log(conc.) 0.048215 0.007671  6.285 3.27e-10 *** 

Random effects 

Group  Variance Std. Dev. 

Replicate 0.0571  0.2389 

Zero-Inflation model 

𝑧𝑒𝑟𝑜 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 = log(𝑝) = 𝛽0
𝑧𝑖 + 𝛽1

log (𝑐𝑜𝑛𝑐) 

Factor Estimate Std. Error Z-value p-val (P(x>|z|) 

Intercept -1.91071  0.41511  -4.603 4.17e-06 *** 

log(conc.)  0.16131  0.04521  3.568  0.00036 *** 

Dispersion model 

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 = log(𝜃) = 𝛽1
𝑐𝑠 × 𝐶𝑆 

Factor Estimate Std. Error Z-value p-val (P(x>|z|) 

CS=Glucose 1.60467  0.09942  16.14  <2e-16 *** 

CS=Fructose 1.42822  0.09393  15.21  <2e-16 *** 

CS=Fumarate 1.64765  0.11293  14.59  <2e-16 *** 

CS=Pyruvate 1.50995  0.08927  16.91  <2e-16 *** 
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Figure 4.8: Carbon source drives membrane 
potential spikes. 

Average of spikes count for every carbon source at 
different concentrations. The value was calculated 
using a generalised linear model adjusted to a 
negative-binomial distribution. I used the Bayes 
information criterion to select the fittest model. 
This model took into account the carbon source and 
concentration effect on the mean value. In addition, 
the model also accounted for the effect of carbon 
source in triggering the spiking behaviour (zero-
inflation factor) and considered a different 
dispersion for each carbon source (see Table 9). 

 

 

 Ionophore effect on membrane potential spikes 

In view of the correlation between carbon source and membrane potential spikes, 

I explored the impact of different ionophores. For this purpose, I grew the cells as 

described in the previous section while keeping the carbon source constant to 0.5 

g/L glucose as a reference medium. In addition, before transferring the cells to the 

agar pad, I added the different ionophores for 10 minutes. The ionophore 

concentration was the same as described in 3.8. Consistently with other 

membrane potential reporters, I found that treating cells with CCCP halted all the 

spikes and kept the cells in a depolarised state323. This experiment revealed that 

most ionophores altered the cell's resting membrane potential. As mentioned, 

CCCP depolarised cells completely, but indole, nigericin, oligomycin and 

valinomycin significantly hyperpolarised the cells ( Figure 4.9). 
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 Figure 4.9: Ionophore modulation of 
membrane potential baseline. 

The baseline was defined as the trace signal 
before and after the spike. For each condition, I 
took the mean of the baseline of all cells in 
focus. The final value corresponds to the mean 
of at least three biological replicates. 
Confidence intervals indicate the standard 
error. Statistical significance was calculated with 
a post-hoc Bonferroni test.  

 

 

 KO strains have different QuasAr2 expression 

Finally, I aimed to examine the effect of porin and ion modulator KOs on the 

membrane potential spikes. To this end, I transformed the KO strains (see Table 1 

for the complete genotype) with the pBAD_QuasAr2 plasmid following the 

procedures described in 2.3.1. Before modelling the changes in the membrane 

potential dynamics, I question whether the expression level of the sensor was 

homogeneous in all strains. For that purpose, I treated all strains with CCCP so that 

the signal of the membrane was fully depolarised, thus producing the highest 

QuasAr signal. As Figure 4.10 shows, Kch and OmpC strains have a higher maximum 

signal. Thus, for further analysis, I used this value as a reference to normalise the 

signal of every strain. 
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Figure 4.10: Kch and OmpC have higher QuasAr2 
maximum signal 

As described in the previous section (see section 
4.9), cells were treated with CCCP. Next, they were 
placed onto agar pads and recorded for 2 mins. Each 
dot represents the average of three biological 
replicates. Confidence intervals indicate standard 
error. Statistical significance was calculated with a 
post-hoc Bonferroni test. 

 

 

 

 Resting membrane potential in different knockout 

strains 

As can be seen in Figure 4.11, deletion of main porins OmpC and OmpF or the 

voltage-activated potassium channel Kch caused a fall in QuasAr2 fluorescence. 

This fall in fluorescence means that, on average, the membrane of the KO strains 

was more hyperpolarised. 

 Figure 4.11: Deletion of membrane voltage 
regulators and porins modulates membrane 
potential spikes. 

Changes in the baseline by each KO strain 
compared to WT. The baseline was defined as the 
trace signal before and after the spike. Also, as 
mentioned before, the baseline of each strain 
was normalised to the maximum signal calculated 
by CCCP addition. For each condition, I took the 
mean of the baseline of all cells in focus. The final 
value corresponds to the mean of at least three 
biological replicates. Confidence intervals 
indicate the standard error. Statistical 
significance was calculated with a post-hoc 
Bonferroni test. 

 

 Deletion of the Kch channel reduces the spike 

size 

Given my interest in the role of the voltage-activated potassium channel Kch, I 

carried out an extended analysis of the effect this deletion had on the membrane 
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potential. Figure 4.12A shows how the Δkch strain had not only a lower membrane 

potential baseline but also an impaired spike size. The trace plots describe smaller 

and shorter spikes in Δkch compared to the WT strain. Comparing the average area 

under the curve between both strains revealed that this effect is statistically 

significant (Figure 4.12B, p-value < 0.001). 

 

Figure 4.12: The Δkch strain presents diminished spike size. 

Cells were grown overnight in SOB medium supplemented with 20 µM retinal and 0.002 g/L 
arabinose. The next day, cells were washed with M9 supplemented with 0.5 g/L glucose. A) Trace 
plot of QuasAr2 fluorescence of four representative cells. The red line denotes WT cells while the 
red line stands for the Δkch strain. B) Statistical comparison of the average area under the spike. 
To calculate this value, I integrated all the spike values and subtracted the baseline. Then, I 
average the mean spike of each cell for the whole population. This value was calculated for three 
biological replicates. Error bars represent the standard error. Statistical comparison was 
performed with a t-test. 

 Kch deletion causes periplasm acidification 

To further understand the nature of the membrane potential spikes with the Kch 

channel, I examined the behaviour of the underlying ions on Kch, which are 

protons due to the role of pH in Kch gating403, and K+ as it the primary ion released 

through the channel. For that purpose, I expressed the ion reporters GINKO1 and 

pelBCpHuji in the kch strain and compared it with the wild type strain (see 2.3.1). 

Then, I grew the cells into the Mother Machine and analysed the signal of each 
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sensor. Here, I found no significant difference in the GINKO1 baseline signal (see 

Figure 4.13A). Nevertheless, I reported a clear difference in the periplasmic baseline 

pH (p-value < 0.001). My data suggested that the WT strain had a higher pH than 

the Δkch strain (Figure 4.13B). 

 

Figure 4.13: Potassium and periplasmic pH baseline difference between WT and kch strain. 

A) Density plot of the GINKO1 signal from WT and kch cells expressing the reporter. B) Density 
plot of the pelBCpHuji signal from WT and kch cells expressing the reporter. For both figures, the 
black line indicates the 50th quantile. Also, a statistical comparison was performed via the Mann-
Witney-U test using the R-base package. 

 Changes in the carbon metabolism influence 

bacterial permeability 

Chapter 3 showed that the cellular pH and K+ modulate the membrane 

permeability of E. coli, and in this chapter, I demonstrated that these two ions are 

controlled through carbon metabolism. Therefore, I postulated the hypothesis 

that changes in carbon sources should also produce changes in permeability. To 

challenge that hypothesis, I compared the uptake of one of our fluorescent tracers 

under different glucose concentrations and starvation. I discarded the use of 

2NBDG because it enters into competitive binding with glucose388, which means 

changes in 2NBDG uptake will confound this effect with the hypothetical impact 

of membrane potential. Thus, in order to isolate this phenomenon, I opted for 
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Hoechst. I observed that removing the carbon source from the cells increased the 

uptake of Hoechst, and this difference increased with time (Figure 4.14A). 

Interestingly, when I varied the glucose concentration, I noticed a higher Hoechst 

permeability with higher glucose (4 g/L) than low glucose (0.04 g/L). Nevertheless, 

as low glucose cells entered starvation, their Hoechst permeability increased 

(Figure 4.14B). 

 

Figure 4.14: Carbon source drives bacterial permeability. 

Cultures were grown to an OD of 0.1-0.25. the culture was split, washed with M9 and 
resuspended in fresh M9 + glucose (4 g/L high, or 0.04 g/L low) or plain M9 for starvation. A) 
Hoechst uptake by cells growing in no carbon source or low glucose. B) Hoechst uptake in low 
glucose (0.04 g/L) or high glucose (4 g/L). Each dot represents the average of three independent 
biological replicates. Error bars describe the standard error. 
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Discussion and conclusion 

In this chapter, I have provided evidence about how E. coli has substantial control 

of the pH in the cytoplasm and periplasm. In addition, the data also suggest that 

the proton and potassium ions are highly dynamic during growth and depend on 

the carbon source. 

 Cytoplasmic and periplasmic pH 

In this work, I have presented a reliable method to determine the bacterial 

periplasmic pH. Although there have been previous attempts to measure the 

periplasmic pH in E. coli using fluorescent proteins and click chemistry, these 

methods were highly problematic. 

The first measurement of the periplasmic pH, published in 2007, was done with a 

fluorescent protein derived from GFP called GFPmut3245. The main problem of this 

approach emerges from the fact that the GFP signal is not responsive below pH 6. 

Moreover, the GFP protein does not fold properly in the reductive environment of 

the periplasm404. In addition, this work was based on cell bulk cultures. This 

method presents two problems: first, it assumes a perfect efficiency in exporting 

the GFPmut3 to the periplasm, which is a particular concern because the report 

mentions the use of the twin-arginine translocation (or Tat) export system405. This 

pathway requires the protein to be folded in the cytoplasm before export. Thus, it 

can confound cytoplasmic fluorescence with periplasmic fluorescence. Second, 

fluorometric assays on bulk suspension cultures only give the average signal for 

the population. Thus, this technique cannot account for the variability of the 

reporter among cells and is indifferent to the reporter locations within the cell. 

The other report that studied periplasmic pH was based on click-chemistry406. This 

novel technique is based on the reaction of small molecules with biological targets. 

This work presented a method that targeted the periplasm with high precision. 
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Briefly, they expressed a modified chaperone (HdeA) in the periplasm. When the 

dye BTTP-Cu is added to the medium, it can react with a target protein located in 

the periplasm producing a stable fluorescent compound. Nevertheless, given the 

nature of the compounds used in the chemical reaction, the dynamic range of this 

method (pH between 5 and 2) was below the main physiologically relevant 

parameters of E. coli (pH between 4 to 8). 

The reporter presented in this work, pelBCpHuji, allowed a precise localisation in 

the periplasmic region, delivering an accurate pH measurement. Interestingly, I 

found that in the absence of CCCP, the periplasm has some pH buffering capacity. 

This observation could seem very controversial because the pore diameter of E. 

coli porins is much larger than a proton. Our molecular dynamic simulation in 

chapter 3 suggested that a change in protonation of the periplasmic residues could 

generate an electrostatic shield that helps to keep the ions in the periplasmic 

chamber (see section 3.14). However, further work is required to explain the 

precise mechanism by which porins might regulate proton flow at the molecular 

level. Mutational studies of the periplasmic residues should help to verify our 

hypothesis. Still, this work supposes a significant contribution to our 

understanding of the periplasmic space and opens the door to studying the proton 

motive force from a new perspective.  

 Buffering of the cytoplasmic K+ 

In addition, I also tried to calibrate the potassium sensor GINKO1. Although I 

treated cells with valinomycin, I found very little change in the cytoplasmic K+ levels 

despite large changes in extracellular K+. A reasonable hypothesis could be that 

valinomycin only partitions into the outer membrane. Thus (i) changes in 

cytoplasmic K+ might be secondary to changes in periplasmic K+, and (ii) the 

observed effects on porin permeability when changing external K+ in the presence 
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of valinomycin could reflect an effect of periplasmic K+ on porins. I attempted to 

answer this question directly by developing a periplasmic reporter for potassium, 

but unfortunately, the GINKO1 sensor was not stable in the periplasmic 

environment. A potential alternative could be using the sensor KIRIN1, which is 

based on YFP and CFP, which are much more stable at lower pH367. 

 Ion oscillations and carbon source 

Single-cell measurements using the Mother Machine revealed fluctuations of 

potassium and hydrogen ions. This evidence is consistent with the fact that gram-

negative bacteria use a proton gradient to produce energy, transport solutes 

across the membrane, and other biological functions (see section 1.4.4.6). Looking 

at the different ions, I found considerable periplasmic pH oscillations, yet the 

cytoplasmic pH appeared much more stable. A possible explanation could be the 

volume difference between the compartments. In addition, changes in the 

cytoplasmic pH might activate proton exchange to keep the cytosol near-neutral 

pH. 

I then proceeded to show how carbon sources are at the root of the ion 

oscillations. I showed that glucose triggers robust potassium and hydrogen 

fluctuations, which in turn causes membrane potential oscillations. Contrarily, 

when I supply bacteria with lipids or plain M9, I observe slower membrane 

depolarization but much lower ion volatility. A reason for this could be that glucose 

uptake could activate the metabolism, and the ETC generates the ion oscillations.  

Next, I looked at the membrane potential of E. coli using QuasAr2 analysis (see 4.8 

and 4.9). Consistent with my previous results, I found that supplying the cells with 

preferred carbon sources such as glucose, fructose or pyruvate was correlated 

with a highly spiking phenotype. On the opposite side, I found that feeding cells 

with fumarate produced much fewer spikes (See section 4.8). I then treated the 

cells with different ionophores to show that the disruption of the proton gradient 
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with CCCP completely abolished the spiking phenotype. In addition, treating the 

cells with oligomycin reduced the resting membrane potential, suggesting the 

ATPase's involvement. Next, a set of KO strains expressing QuasAr2 revealed that 

the ΔompF, ΔompC and Δkch had a much lower resting membrane potential than 

WT. 

Finally, I must address a potential limitation when working with agar pads while 

measuring membrane potential. The problem emerges from the interference of 

mechanosensitive channels. The Kralj lab has been working on the relationship 

between the membrane potential and the mechanosensitive channels of 

bacteria324. His team has shown that transferring cells from liquid to solid medium 

generates calcium spikes. Thus, measuring the effect of carbon sources on the 

membrane potential spikes on an agarose pad might be potentially affected by the 

calcium spikes from the mechanosensitive channels. Whilst I tried to account for 

this effect by including a lag time step before imaging, a cleaner approach could 

be undertaken using the Mother Machine. However, this method requires longer 

times, limiting the number of conditions that could be tested. Another alternative 

could be the use of ion-specific sensors such as pelBCpHuji or equivalent for other 

ions. 

A deeper study on the Δkch strain revealed that this deletion generated not only a 

lower resting membrane voltage but also smaller spikes. I also illustrated that the 

reason for the lower membrane potential in Δkch was the much lower periplasmic 

pH. This phenomenon suggests that potassium plays a substantial role in setting 

the proton gradient, and this is likely mediated via Kch. 
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 Carbon source drives permeability 

Lastly, I looked for evidence that the ion changes caused by carbon sources also 

affected permeability. Measuring Hoechst uptake under different glucose 

concentrations showed that starving cells had the highest permeability while low 

carbon sources caused low permeability. 

 
Figure 4.15: Diagram for the regulation of the periplasmic ions and permeability 

(A) Correlation diagram between membrane permeability and metabolic activity where the 
model predicts a U-like behaviour. Thus, under starvation or high glucose conditions, the 
permeability is expected to be high, but when the metabolic activity is low, such as in the 
presence of lipids or low glucose, the permeability is low. Next, panels B-D show a representation 
of the bacterial membrane through the different conditions. Under starvation (B), the ECT cannot 
sustain a proton gradient; thus, low periplasmic proton concentration allows the porins to open, 
facilitating the entrance of nutrients. Once the nutrients access the cellular compartment, the 
ETC starts pumping protons into the periplasm (C). The increase of proton concentration in the 
periplasm interacts with the porins reducing the pore diameter and with it the membrane 
permeability. The proton gradient will be used for energy generation or other biological 
processes. Finally, if excessive hyperpolarisation occurs (D), the Kch channel opens, and this 
inundates the periplasm of potassium. This increase of potassium in the periplasm re-opens the 
porin. 
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All in all, I propose to understand these results under the model described in Figure 

4.15. I hypothesize an inverse parabolic relation between metabolic activity and 

permeability (Figure 4.15A). Under starvation (Figure 4.15C with predicted low 

periplasmic H+ and K+), porins are open. Porins shut when bacteria are exposed to 

low glucose media (Figure 4.15B where periplasmic H+, but not K+, levels rise). 

However, under conditions of high metabolism, Kch is activated, leading to low H+ 

and high K+ levels in the periplasm, which allows porins to open (Figure 4.15D).  

 Conclusion 

In conclusion, this is the first study providing a combined measurement of all the 

relevant ions (H+, K+ and Ca2+) for bacterial physiology. The data exposed in this 

chapter provide strong evidence that protons and potassium oscillate in 

exponential growing cells and that these oscillations depend on carbon 

metabolism. I also describe how Δkch presents a general disruption of the 

membrane potential homeostasis. Then, I connected these findings with the 

permeability phenotypes described in the previous chapter. Finally, I present a 

tentative model to explain the mechanism underpinning the coordination of the 

periplasmic ion oscillations with the bacterial permeability. 
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Summary 

Membrane permeability is one of the significant factors that contribute to 

antimicrobial resistance. Since I have shown the effect carbon sources have on 

membrane permeability, this chapter aims to evaluate the impact of this 

phenomenon on antibiotics uptake and susceptibility. 

Using the Mother Machine to measure the accumulation of the autofluorescent 

drug ciprofloxacin, I found a reduced uptake in porin knockout strains (as 

expected). In addition, the measure of CIP uptake in the efflux pump KO ΔtolC 

confirmed that this difference was not related to a change in efflux activity, 

supporting the use of this method to monitor porin mediated permeability. 

Interestingly, I also found that Δkch showed a reduction of ciprofloxacin entry. 

Supplying cells with either lipid or glucose, I observed that carbon metabolism 

modulates ciprofloxacin permeability because feeding cells with lipids decreased 

CIP uptake compared to cells growing in glucose. In line with our previous findings, 

the carbon source effect was mediated through changes in periplasmic ions. 

Remarkably, I found that glucose concentration had an inverse effect in the Δkch 

strain and WT; that is, higher glucose concentration decrease CIP uptake in the 

Δkch strain. 

As expected, changes in carbon source utilisation led to differences in 

susceptibility to ciprofloxacin. This effect was presumably porin dependent 

because treating cells with porin independent antibiotics revealed no difference 

in susceptibility. Lastly, metabolic mutations helped further to define the impact 

of carbon sources in antibiotic uptake. This data confirms that carbon source 

availability can strongly influence antibiotic susceptibility. This work suggests a 

mechanistic model for the impact of different carbon sources and highlights the 
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need to consider the metabolic control of porin permeability in creating new 

antibiotics. 

I have performed all the experiments and analyses described in this section except 

for the ciprofloxacin minimal inhibitory concentration, which was performed by Dr 

Ieuan Evans. 
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Introduction 

Antimicrobial resistance has become a significant threat to global health, with 

treatment failures in patients with antibiotic-resistant infections are predicted to 

cause 10 million deaths annually by 2050407. Gram-negative bacteria are of 

particular concern due to the high intrinsic resistance associated with their double-

membrane. As described in section 1.3, the outer membrane creates a formidable 

permeability barrier to the entry of hydrophilic and hydrophobic molecules. 

Therefore, most antibiotics' transport is dependent on porins for their uptake 

(Section 1.3.2). The main problem for understanding this process arises from the 

lack of quantitative methods for studying drug accumulation in single cells. 

Recently, Cama et al. developed a very innovative technique to quantify antibiotic 

uptake in live cells using the Mother Machine375. They took advantage of the auto-

fluorescent antibiotic ciprofloxacin to study its uptake in hundreds of individual 

bacteria confined in well-defined microenvironments375,408. Thus, I used this 

platform to study the effect of carbon sources on bacterial permeability. This 

technique allowed us to confirm my findings from chapter 3 (see section 3.8) and 

chapter 4 (see section 4.7) with a label-free antibiotic. 

My findings in chapter 4 suggest that membrane potential depends on carbon 

source metabolism (see section 4.7). On top of this, carbon source availability and 

metabolism have been shown to impact antibiotic susceptibility in a range of 

different bacterial species (E coli, Acinetobacter baumannii and Staphylococcus 

aureus)409,410. The factors involved in this phenomenon are diverse26,362,409,410. In 

this chapter, I will explore the hypothesis that carbon sources modulate bacterial 

permeability. Understanding how this part of the metabolism influences antibiotic 
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resistance in more detail is critical in guiding future drug development and 

optimising treatment strategies. 

I simultaneously imaged ciprofloxacin accumulation in individual E. coli in real-time 

using the auto-fluorescence of the drug. I validated my technique by studying 

ciprofloxacin accumulation in three E. coli strains from the Keio collection, 

encompassing the wild type (WT), the porin knockout OmpF and OmpC, and the 

TolC efflux protein knockout (ΔtolC) strain. In addition, I studied the effect of 

deleting the voltage-activated potassium channel Kch. Finally, I analyse the impact 

of carbon source supply on ciprofloxacin uptake. Finally, I show how this effect 

translates into antibiotic efficacy. 
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Material and methods 

 Ciprofloxacin uptake in the Mother Machine 

Ciprofloxacin uptake was measured in a Zeiss 780, equipped with a UV light source 

(DPSS 355 nm 60 mW, Coherent), which allowed ciprofloxacin imaging. This 

instrument was also equipped with a thermal isolation box to keep the 

temperature constant at 37 °C. The imaging was done with a 63x/1.4NA Oil lens. 

Ciprofloxacin fluorescence detection was done with a modified DAPI filter setting 

(435/65 nm)375. 

Cell trapping in the Mother Machine followed the protocol described in section 

2.5. Then, I resuscitated the cells in the specified medium for 90 minutes at 0.150 

mL/h, at which point I switched the syringe to the specified medium plus 12.5 

µg/mL ciprofloxacin. I increased the flow to 1 mL/h and waited 3 minutes. At this 

point, I started recording. Finally, after 15 min, I decreased the flow back to 0.15 

mL/h. 

 MIC and EC50 calculation 

Effective concentration 50 (EC50), defined here as the drug concentration that 

induces 50% maximal inhibitory effect on cell growth411, was determined for E. coli 

according to the Clinical and Laboratory Standards Institute (CLSI) method M07-

A9412. Briefly, E. coli were grown to an optical density (A600 nm) of 0.2–0.3 in liquid 

culture, and 1 × 105 bacteria were added to each well of 96-well plates containing 

serial dilutions of the antibiotic, in triplicate wells per condition, and incubated at 

37°C until growth was seen in the control wells. Then, the turbidity absorbance at 

600 nm was measured with a ClarioStart (BGM LABTECH). Finally, the data were 
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fitted to a dose-response model using a 4-parameter logistic regression 

equation413. 
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Results 

 Porin mediates ciprofloxacin uptake 

In chapter 3, I showed that bacterial permeability depends on the ionic 

environment in the periplasm, and this factor is conditioned by carbon metabolism 

(Chapter 4:). Therefore, I adapted my microfluidic setup to test the effect of 

carbon source and membrane potential on ciprofloxacin uptake. Ciprofloxacin is a 

quinolone that exhibits natural autofluorescence upon 360 nm light excitation375. 

Consequently, I exploited this feature to study ciprofloxacin uptake in situ. For this 

aim, I grew E. coli strains overnight in supplemented M9 and trapped them in the 

Mother Machine (see section 2.5). Then, I provided them with the same medium 

for 90 min. After that time, I added 1.2 µg/mL of ciprofloxacin to the flowing media. 

Although this concentration is 10 times the MIC414, it allowed optimal fluorescence 

within our microscopy setup. Figure 5.1 shows that my system was capable of 

detecting ciprofloxacin uptake. In line with other research, this analysis confirms 

that the transport of ciprofloxacin is mediated by porins ΔompF and ΔompC375,415. 

Also, the uptake profile of ΔtolC confirms that the difference in uptake is not due 

to changes in efflux pump activity under the timeframe. Finally, I noticed that 

glucose uptake by Δkch is also impaired. 

 

Figure 5.1 Individual ciprofloxacin accumulation experiments for the bacterial KO investigated. 
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The blue background indicates the arrival of ciprofloxacin into the Mother Machine. The black 
line denotes the average ciprofloxacin fluorescence within the cells. The cell fluorescence values 
are reported after correcting for the background, subtracting the initial cellular auto-fluorescence 
at t = 0. Then, fluorescence intensity was normalised to the maximum fluorescence of WT cells to 
normalise data across experiments. The shaded area indicates the standard error of three 
biological replicates. 

 Periplasmic pH drives the carbon source effect 

Chapter 3: showed that the permeability of the periplasmic environment depends 

on the proton and potassium concentration and that the carbon metabolism 

drives these factors. Thus, I proceeded to analyse the effect of carbon sources on 

ciprofloxacin uptake. For this purpose, I grew E. coli cells in M9 supplemented with 

4 g/L glucose or lipid source for 90 minutes (see section 2.2.2). Then, I switched 

the medium supply to the one with the same composition plus ciprofloxacin, and 

I started monitoring the uptake of the compound for ~25 minutes. Figure 5.2A 

reveals that the uptake process of bacteria growing in lipids is slower than bacteria 

growing in glucose. I then simulated a hyperpolarised phenotype with CCCP and 

low pH, implying a high proton concentration in the periplasm. This experiment 

revealed that cells treated with CCCP at low pH lost their permeability (Figure 5.2B, 

p-value <0.001). In contrast, cells growing on lipids showed an increase in CIP 

uptake when treated with CCCP at pH 7.4 (Figure 5.2B, p-value <0.001). 

 

Figure 5.2: Carbon source drives ciprofloxacin permeability. 

A) Fluorescent profile of E. coli under different carbon sources. Solid coloured lines represent 
average across experiments. The shaded area indicates the standard error. The cell fluorescence 
values are reported after correcting for the background, subtracting the initial cellular auto-
fluorescence at t = 0. B) Comparison of ciprofloxacin fluorescence within cells at t>1500. The 
statistical comparison was made via the Mann-Witney-U test (Wilcox test). 
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 Kch effect on permeability depends on carbon 

source 

In order to examine the carbon source effect interaction with the Kch channel, I 

examined the ciprofloxacin uptake of the WT and Δkch strains under different 

carbon concentrations. The hypothesis was that higher glucose concentration 

would lead to an activation of the Kch channel, which increased periplasmic 

potassium and increased permeability. The result showed that higher glucose 

concentration increased the CIP permeability of WT (Figure 5.3). Interestingly, this 

phenotype is the opposite in the Δkch strain (see Figure 5.3); that is, less CIP was 

uptaken at high glucose compared to low glucose. 

 

Figure 5.3: Ciprofloxacin uptake on Δkch and WT strain at different glucose concentrations. 

For this experiment, cells were prepared as described in section 5.1. The carbon source was M9 
supplemented with 0.04 g/L glucose (low glucose) or 4 g/L glucose (high glucose). The cell 
fluorescence values are reported after correcting for the background, subtracting the initial 
cellular auto-fluorescence at t = 0. The solid coloured line indicates the population average. The 
shaded area indicates the standard error. 

 The Δkch strain and porin knock-outs are more 

resistant to ciprofloxacin but not to colistin 

The previous section described how ciprofloxacin uptake depended on porins and 

the carbon source. Next, I assessed the effect of the porin knock-out and Kch KO 
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on ciprofloxacin bactericidal efficacy. For this purpose, I treated liquid bulk 

cultures with increasing ciprofloxacin concentrations and measured the optical 

density at 24 hours. This data was fitted to a dose-response model, and then I 

compared the EC50 (Figure 5.4A). As reported before (see Figure 5.1), ciprofloxacin 

efficacy is severely affected by porin deletion (p-value < 0.001). In addition, I found 

that Kch deletion also decreases antibiotic efficacy. When I compared the 

effectiveness of a permeability independent antibiotic such as colistin on these 

strains, I found no significant difference (Figure 5.4B). 

 

Figure 5.4: Effective concentration of ciprofloxacin and colistin 

Bacterial cultures were grown on M9 + 1 g/L glucose + 1 g/L casamino acids + 1 mM tryptophan. 
When they reached the exponential phase, I treated them with serial dilution concentrations of 
the antibiotic and read the optical density (600 nm) at 24h. This data was fitted to a dose-
response curve. A) Ciprofloxacin effective concentration 50% for each strain (see section 5.2). B) 
Colistin effective concentration 50% for each strain. In both cases, the parameter was extracted 
from the model and averaged across replicates. The confidence interval indicates the standard 
error. Statistical significance was measured via a t-test with the WT as reference. 

 Carbon source modulates ciprofloxacin MIC 

With the help of Dr Ieuan Evans (Floto Lab), I tested whether changes in 

susceptibility of E. coli to ciprofloxacin observed above were due to utilisation of 

different carbon sources (rather than changes in the levels of exposure of the 

drugs due to the media). To achieve this, we compared the growth rates in 

different carbon sources of wild type E. coli and knockouts for AceA (aceA), which 
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cannot utilise lipids, and PtsH (ptsH), which cannot utilise glucose. We found, as 

expected, that (i) wild type and aceA cells were susceptible to ciprofloxacin in 

glucose media (and that ptsH strains failed to grow), while (ii) in lipid media (0.3 

g/L casitone, 0.05% Tyloxapol, and the lipid 1,2-dipalmitoylphosphatidylcholine at 

14 mg/L), wild type and ptsH cells were resistant to ciprofloxacin (and that aceA 

strains failed to grow). Importantly, when exposed to mixed media (50% glucose 

and 50% lipid media), wild type cells remained susceptible to ciprofloxacin 

(presumably because they are predominantly utilising glucose) and also aceA 

remain susceptible (because they have to utilise glucose). In contrast, the ptsH 

strain became resistant (likely because they are forced to utilise lipids) (Figure 5.5). 
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Figure 5.5: Susceptibility of the E. coli strains (WT, ptsH and aceA) to ciprofloxacin in glucose, 
lipid and mixed media. 

A low concentration of ciprofloxacin (0.0125 mg/L) was used in each experimental condition. The 
WT strain exhibits clear differences between the untreated control and the test conditions in both 
the glucose and mixed media. However, in the lipid medium, the control and the treatment 

conditions all grow at the same rate. ptsH exhibits the same growth as the untreated control in 
lipid and mixed media but fails to grow in glucose medium (higher starting concentration of 

organisms was required to achieve growth in the ptsH strain in lipid medium). aceA behaves in 
the same way as the WT, showing no growth in any of the treatment conditions in the glucose 
medium, reduced susceptibility compared to the WT in mixed medium and fails to grow in lipid 
medium. 
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Discussion and conclusion 

In this chapter, I have demonstrated that the type of carbon source available to E. 

coli modulates the antibiotic permeability to ciprofloxacin. In addition, I show that 

this effect is reflected in the MIC data. 

 Carbon source drives membrane permeability 

In accordance with previous reports, this works shows that ciprofloxacin uptake 

requires porin permeability375. I also found that the Δkch strains presented a 

decreased ciprofloxacin permeability compared with WT. When looking at the 

carbon source effect, I observed that the bacteria growing on lipids had a slower 

ciprofloxacin uptake than glucose. One explanation for this difference could be 

that the carbon source alters the porin's expression. Nevertheless, I show that 

treating cells with ionophores could restore cell permeability, suggesting 

regulation by periplasmic ions. 

However, modulating the intracellular ions with ionophores and medium pH could 

also be problematic because it alters the protonation state of ciprofloxacin. 

Indeed, it has been reported that the changes in quinolone protonation affect its 

permeability through porins416. A potential method to modulate periplasmic pH 

without altering the medium pH (and with it CIP protonation) could be the use of 

the ArchT proton pump described in Chapter 3:. This tool could allow the 

modification of the periplasmic pH environment without affecting the 

ciprofloxacin protonation. 

Furthermore, I provide evidence that the voltage-activated channel Kch mediates 

the carbon source effect on permeability. The evidence suggests that at high 
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glucose concentration, Kch activation increases the permeability because the 

knock-out strain had lower permeability than WT. Interestingly, the use of low 

glucose concentration reduces the WT strain's permeability while increasing the 

permeability of the Δkch strain. 

A drawback of our approach is that ciprofloxacin has a cytoplasmic target. That 

means our measurements could confound changes in inner membrane 

permeability with outer membrane permeability. Therefore, I would suggest 

extending the analysis of the carbon source impact on the MIC and uptake of other 

antibiotics. Particularly, studying the uptake of penicillin derivates could greatly 

help to elucidate this question because the penicillin target is located in the 

periplasm. In other words, these molecules only need to cross one membrane 

before reaching their target. Thus, if carbon source also affects the permeability 

of these compounds, that would further strengthen the idea that carbon 

metabolism regulates outer membrane permeability.  

 Carbon source affects antibiotic susceptibility 

The evidence presented in this chapter indicates that porins and the Kch channel 

condition ciprofloxacin susceptibility. The porin effect can be clearly explained as 

a reduction in uptake because, as I have shown, ciprofloxacin uptake is mediated 

by OmpC and OmpF (see Figure 5.1 and Figure 5.4). Still, some researchers have 

proposed that the main parameter affecting antibiotic efficacy is growth rate so 

that the faster grow the cells, the more vulnerable they become417,418. The reason 

behind this phenomenon could be that the uptake of the antibiotic through the 

inner membrane requires active transport. This idea is also supported by the fact 

that treating E. coli with colistin generates similar EC50 in all strains (see Figure 

5.4).  

Finally, the effect of Δkch on antibiotic efficacy could respond to a lower potassium 

concentration in the periplasm and thus lower permeability (as described by the 
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model shown in Chapter 3:). However, further work is needed to validate this 

hypothesis. For example, generating Kch variants with target-directed mutation 

should help to evaluate if the cell permeability could be altered with an always-

open or always close channel. If true, measuring the antibiotic susceptibility of 

Δkch in different carbon sources should mirror the permeability profile data. These 

experiments are already ongoing. 

The results of E. coli  WT, ΔptsH, and ΔaceA strains in different carbon sources are, 

again, strongly suggest that the carbon source mediates porin permeability, which 

in turn results in changes in antibiotic susceptibility. In line with our model, the 

data show how glucose availability increases antibiotic permeability and 

susceptibility compared to lipid media (see Figure 5.2 and Figure 5.5). Moreover, 

the data from mixed media provide an unequivocal indication of how the mere 

presence of glucose increases the susceptibility of the WT strain.  

Within the context of the diauxic shift342, one would imagine that the whole E. coli 

population begins metabolising glucose and thus becomes susceptible to 

ciprofloxacin before switching to the use of lipids. Others, however, have proposed 

that the “diauxic shift” is indeed composed of two subpopulations growing 

simultaneously: one population uses the preferred carbon source while the other 

consumes the alternative carbon source419,420. If this would be the case, then the 

subpopulation using glucose must be much greater than the one using the lipids 

because the data do not show a slower growth curve even after 24h of sampling 

(see Figure 5.5). In addition, the growth curve of the ΔptsH strain suggests that the 

glucose growing population relies upon this transporter because this KO do has a 

delayed and slower growth curve, while ΔaceA follows a similar susceptibility 

pattern to ciprofloxacin than WT. It could then also be that a more extended 
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sampling could make this theoretically delayed growth apparent even in the WT 

strain.  

 Conclusion 

Whilst this evidence demonstrates that carbon source impacts antibiotic 

susceptibility in E. coli, it does not provide an indication of a mechanism of action 

for changes in porin permeability. Other questions exist around a number of 

possible mechanisms by which carbon sources could affect antibiotic 

susceptibility. These include how certain carbon sources impact growth, porin 

expression and bacterial energetics418.  
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Summary 

The bacterium E. coli produces a substantial quantity of the signalling molecule 

indole, which has been shown to act as a protonophore and proposed to act as a 

physiological method to cause membrane depolarization. Recent work has 

suggested that most indole is produced as a pulsed release before the stationary 

phase. This study aimed to understand the principles regulating indole production, 

which is the only know ionophore naturally produced by E. coli. 

I measured indole production by E. coli utilising glycolytic and gluconeogenic 

carbon sources. Our data suggest that gluconeogenic carbon sources synthesize 

indole continuously rather than in a pulse. I confirmed this finding by measuring 

the tryptophanase (TnaA) expression responsible for indole production. This 

analysis also supports the continuous indole production on gluconeogenic carbon 

sources. In addition, increased glycolytic concentration delays the indole pulse. 

Next, I evaluated the impact of indole production on the bacteria membrane 

potential. Using the fluorescent probe Oxonol-VI as a proxy for membrane 

potential, I found a consistent difference between glucose and fumarate. Although 

the cells growing in fumarate did not show a change with the presence of 

tryptophan, bacteria growing on glucose presented a change at the entrance to 

the stationary phase, when indole is being produced. 

Finally, I also found an effect on the cytoplasmic pH because treating cells with 

indole permeabilised cells to protons. In addition, WT and the ΔtnaA strain showed 

a considerable difference in pH during growth. Altogether, this suggests indole 

might act as a natural proton regulator in E. coli. 

I have performed all the experiments and analyses described in this chapter. 
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Introduction 

Indole production is mediated by increased synthesis of the enzyme 

tryptophanase (TnaA), encoded by the tnaA gene. Tryptophanase converts 

tryptophan into indole, pyruvate and ammonia329,331,338. Tryptophanase 

expression is controlled by the catabolite repression protein and the TorR two-

component signal (see section 1.5.5). In addition, the concentration of indole 

depends very closely upon the amount of tryptophan in the growth 

medium337,338,341. 

Gaimster and colleagues have recently shown that indole production is rapidly 

upregulated in the early exponential phase331. This sudden pulse in indole 

production allows the internal concentration of indole to spike, reaching 

concentrations close to 20 mM331. This very high concentration has been shown 

to depolarise cells. It has been proposed that this happens via proton leak because 

indole allows the flow of protons across lipid vesicles329. 

Therefore, this work aims to understand the roots of indole pulse regulation. This 

phenotype will be studied directly through the measurement of indole 

concentration with the Kovac’s reagent, a classic colourimetric assay, and 

indirectly using a tnaA::GFP strain361. Also, the use of different carbon sources in a 

minimal medium will allow us to unveil the role of carbon metabolism in indole 

synthesis and tryptophanase regulation. Furthermore, I propose to study the 

natural effect of the indole pulse on the membrane potential of bacteria. I will take 

advantage of membrane potential fluorescent probes to estimate the membrane 

potential in the tnaA::GFP strain, which allows us to correlate indole production 

with the membrane voltage. 
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Material and methods 

 Indole measurements 

Cultures were grown as described in section 2.2.3. The carbon source was added 

to fresh M9 for each experiment. For indole measurement, 5 µL samples were 

diluted at 1:10 ratio in PBS, and 100 µL Kovacs reagent was added. Briefly, indole 

reacts with Kovac’s reagent, so the solution turns from yellow to cherry red. The 

absorbance at 540 nm was measured (Gene Quant 1300, GE Spectrophotometer). 

The concentration of indole in the supernatant was calculated using a calibration 

curve. Kovacs reagent was prepared according to Gaimster (75 mL of HCl and 225 

mL of amyl alcohol)331. 

 Tna-GFP fluorescent measurement 

Expression of TnaA was measured using the E. coli strain tnaA::GFP:KmR. (see 

section 2.1.1). This strain has the GFP protein tethered to the tryptophanase, 

acting as a proxy for indole synthesis361. A single colony of E. coli tnaA::GFP was 

inoculated in M9 + 1 g/L glycerol. The following day the bacteria were resuspended 

in the same fresh medium until turbidity reached an OD600nm ~ 0.3 – 0.5. Then, 

they were diluted to OD600nm ~ 0.05 in fresh M9 supplemented with or without 

tryptophan and the carbon source at the specified concentration in a 96-well plate. 

The plates were sealed with transparent film permeable to gas “Air-O-Seal” 

(4titude). Finally, incubation and fluorescence tracking was carried out in a Synergy 

HTX BioTek. The light source for GFP excitation was a Xenon flash lamp using a 488 

±2 nm monochromator filter, and emission was recorded at 530/20 nm. 

Absorbance 600 nm was also recorded. 

 Membrane potential estimation with Oxonol-VI  

A single colony was inoculated into M9 + 1 g/L glycerol. The next morning the 

cultures were resuspended in a fresh medium and incubated for 6 h. Then, I added 
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20 μM Oxonol-VI and grew overnight so that the cultures were fully loaded the 

next day. The following day, cells were diluted to an OD600nm ~0.05 units in M9 + 

20 μM Oxonol-VI with or without tryptophan and the carbon source at the 

specified concentration. The fluorophore oxonol-VI emits a fluorescent signal 

when associated with the bacterial membrane, and its signal is inversely 

proportional to the cell's membrane potential421. Thus, high oxonol-VI 

fluorescence indicates cell depolarization, and low fluorescence implies 

hyperpolarisation421. 

Cells were incubated at 37 ºC shaking, and samples were analysed by flow 

cytometry in a Cytek DxP8 FACScan (Cytek) equipped with a 100 mW 561 nm and 

30 mW at 488 nm lasers. For each sample, 50,000 events were recorded at a rate 

of 5,000-10,000 events per second. 

 Measurements of cytoplasmic pH 

For the measurement of the pH, cells were expressing the pSCM001 plasmid422, 

which contains the pHluorin sensor linked to mCherry. The pHluorin sensor is a 

derived protein from the super-ecliptic GFP423, whose fluorescence is proportional 

to the environmental pH. At the same time, the mCherry is relatively insensitive to 

changes in pH, so its signal can be used to correct protein expression artefacts. 

These cells were grown overnight in M9 + 1 g/L glucose. The next day, they were 

resuspended in a fresh medium until the exponential phase (OD600nm ~0.2). Then, 

a sample was transferred to a 96-well plate and treated with different indole 

concentrations for 30 min and immersed in PBS buffered at pH 6. Then, to convert 

the fluorescence signal into pH, the pHluorin values were calibrated with a 

standard curve treating the cells with CCCP at different pH (between pH6 to 8.5). 

Fluorescence was measured in a Synergy HTX BioTek. 
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For the time-course experiments, cells were grown overnight in M9 + 1 g/L glucose 

or fumarate. The next day, the cultures were resuspended in a fresh medium and 

then transferred to a 96-well plate. Then, cells were incubated at 37 ºC shaking 

while fluorescence was measured in a Synergy HTX BioTek. 
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Results 

 Regulation of indole production 

 Glycolytic flux controls indole production 

As described in section 1.5.5.1, glucose represses tnaA expression and indole 

production361. Thus, I set to test to what extent other carbon sources affect indole 

synthesis. For that purpose, I grew E. coli in a wide range of gluconeogenic 

(glycerol, fumarate and acetate) and glycolytic (glucose, gluconate and fructose) 

carbon sources to investigate this relationship. The results of this experiment 

confirmed that all glycolytic carbon sources repressed indole synthesis because 

indole was detected when cells reached the stationary phase (Figure 6.1; left A-C). In 

contrast, when E. coli was fed with gluconeogenic substrates, indole was produced 

throughout the whole growth process (Figure 6.1; right D-F). 

 
Figure 6.1: Carbon source determines the kinetics of indole synthesis in E. coli. 

The figure shows the change of indole concentration in relation to the culture biomass. Biomass 
was estimated using the OD 600 nm, and this value was divided by the maximum OD of each 
culture condition (100 % OD). Each dot stands for the mean value. The red dots represent the 
tnaA strain, and in blue, the WT. The dashed line shows the smooth regression to aid visualisation. 
Error bars indicate the standard error. Data represent at least three independent replicates. 
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 Indole pulse is regulated via TnaA synthesis 

The result of this experiment suggested that the regulation of indole production 

might occur at the level of TnaA. Consequently, I assessed the kinetics of TnaA 

expression in E. coli, using the chromosomally tag TnaA-GFP reporter strain 

(described in Gaimster et al. 2015329) growing on the same carbon sources. Also, I 

used the presence/absence of tryptophan as negative control329. The analysis of 

this experiment made evident the effect of the carbon source and its 

concentration on TnaA synthesis (Figure 6.2). Taking as a reference for general TnaA 

expression the point where the TnaA::GFP signal of the +Trp positive cultures 

doubles the -Trp baseline (Figure 6.2, dashed line), the data showed a delay in the 

activation time with an increase in glucose, fructose or gluconate concentration. 

Interestingly, this expression delay is not present when the cultures are supplied 

with gluconeogenic carbon sources (Figure 6.2). 

 

Figure 6.2: The type and concentration of carbon source regulate TnaA synthesis. 

Each panel represents the change in Fluorescence of TnaA-GFP in each carbon source at a 
determined concentration (right axis). This signal was normalised to OD to compensate for the 
changes in biomass. The solid line represents the average, and the coloured area stands for the 
standard error. Data represent at least three independent replicates. The dashed line indicates 
the earliest time-point when the GFP signal of cultures supplemented with 1 mM differed 2.5-
fold of cultures without indole. 
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 Indole regulation on membrane potential 

 TnaA synthesis happens during the entrance of the 

stationary phase 

In line with the previous work361, the results presented in section 6.4 show that, 

while gluconeogenic substrates produce a continuous tryptophanase and indole 

synthesis, glycolytic carbon sources delay indole synthesis until the entrance to 

the stationary phase. 

 

Figure 6.3: TnaA production is correlated with membrane depolarization. 
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A, B) TnaAGFP fluorescence on cultures growing in fumarate (A) or glucose (B). C, D) Oxonol-VI 
signal corrected by FCS of cultures growing in fumarate (C) or glucose (D). Each dot represents 
the geometric average of three biological replicates. Error bars indicate the standard deviation of 
the six independent replicates. The red colour indicates cultures supplemented with tryptophan, 
and the blue colour stands for cultures without tryptophan. The grey rectangle marks the 
entrance in the exponential phase and the stationary phase. The beginning of the stationary 
phase was estimated based on previous experiments. 

Since indole is a known protonophore330, I examined whether it could modulate 

bacterial membrane potential. Thus, I employed the fluorescent voltage probe 

Oxonol-VI (OxVI) to simultaneously monitor membrane potential and indole 

production using the E. coli TnaA::GFP reporter strain (Figure 6.3). OxVI uptake and 

fluorescence increase with membrane depolarisation 421, but the proportion of the 

signal originating in the outer versus the inner membrane remains unclear. 

I cultured the bacteria in fumarate or glucose in the presence or absence of 

tryptophan as a control for indole production. Flow cytometry analysis confirmed 

that using fumarate as the sole carbon source induces a constant TnaA synthesis, 

while in glucose, TnaA production was delayed until the stationary phase entrance 

(Figure 6.3, panels A and B). When I looked at the signal from the membrane 

potential reporter, I could see that fumarate cells have a stronger Oxonol-VI (Figure 

6.3, panels C and D) than glucose, but I did not see a difference in OxVI signal 

between the presence or absence of tryptophan for the fumarate condition. In 

contrast, the cells growing on glucose showed a shift when tryptophan was 

available (Figure 6.3D; linear mixed model p-value < 0.001). 

 Indole causes a proton leak 

Previous research has shown that the ability to produce indole was a determinant 

factor for the cytoplasmic pH of bacteria329. Thus, I set to investigate the effect of 

indole addition on the cytoplasmic pH. For that purpose, I grew cells expressing 

pHluorin (plasmid pSCM001, see section 2.3.2) in order to measure cytoplasmic 

pH. When the cultures reached the exponential phase, I treated the cells with 

different indole concentrations and measured the pHluorin signal. Here I found 
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that immersing the cells in an acid buffer (pH 6) in the presence of indole leads to 

a decrease of cytoplasmic pH (1.5 pH units, from pH 8 to pH 7.5, Figure 6.4B). 

Consistently with my previous findings (see section 4.5.2), in the absence of indole, 

cells had a robust buffering capacity for the cytoplasmic pH. Comparing the 

presence and absence of indole showed a statistically significant effect on pH 

(Figure 6.4C). 

 
Figure 6.4: The addition of indole allows protons to cross the bacterial membrane. 

Cells were grown in M9 + 1 g/L glucose to exponential phase. Then, a sample was treated with 
different indole concentrations for 30 min and immersed in PBS buffered at pH 6. Then, to convert 
the fluorescence signal into pH, the pHluorin values were calibrated with a standard curve 
treating the cells with CCCP at different pH. A) Calibration curve. B) Decrease in cytoplasmic pH 
with the addition of indole. Since the medium was buffered at a lower pH (pH 6), the addition of 
indole permeabilises the membrane to protons, thus acidifying the cytoplasm. The shaded area 
indicates the standard error. C) Statistical comparison between no indole or 5 mM indole. Error 
bar denotes the standard error. The statistical confirmation was done with a T-test, and three 
stars denote p-value <0.001.  

 The strain ΔtnaA has a higher pH than WT 

After showing the effect of indole treatment on cytoplasmic pH, I aimed to 

investigate the role of indole in the physiology of growing cells. For that purpose, 

I grew cells expressing the pHluorin sensor in different carbon sources and then 

compared their cytoplasmic pH. Here, I found that independently of the carbon 

source, the ΔtnaA strain always presented a higher cytoplasmic pH compared to 

WT, that is, pH 8.25 for ΔtnaA vs pH 7.5 WT when growing in fumarate (see Figure 
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6.5A) and pH 7.8 for ΔtnaA vs pH 7.3 WT when growing in glucose (see Figure 6.5B), 

suggesting a role of indole in setting the basal cytoplasmic pH level in vivo. 

 

Figure 6.5: The ΔtnaA has a higher pH than WT 

Cells were grown in M9 + 1 g/L glucose/ + 1 mM tryptophan in a 96-well plate setup where 
fluorescence was monitored over time. Then, to convert the fluorescence signal into pH, the 
pHluorin values were calibrated with a standard curve treating the cells with CCCP at different 
pH. The WT (red) has lower pH than ΔtnaA (blue). 
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Discussion and conclusion 

In this chapter, I have presented an overview of indole signalling regulation and its 

effects on bacterial electrophysiology. These experiments were done at the 

beginning of my thesis. Having developed a suite of fluorescent reporters to 

examine internal ion concentrations and inner membrane voltage changes, I 

would have been very keen (given more research time) to revisit the effects on 

Indole using more robust methods. Particularly, I think taking advantage of the 

mother machine could have vastly helped us in this research project. This platform, 

in combination with the TnaA-GFP strain and the QuasAr2 sensor, corroborates at 

the single-cell level the impact of TnaA synthesis on the membrane potential. 

 Regulation of indole synthesis 

I have provided evidence that specific carbon sources control indole synthesis. 

These results are consistent with the broader literature as it is well established 

that indole production is repressed in the presence of glucose338,341. Here I extend 

the current understanding of indole production, showing how gluconeogenic 

carbon sources produce a constant indole production as long as tryptophan is 

present in the medium. A further investigation of this question would require an 

understanding of the two main promotors of the tna operon: CRP and TorR. If 

gluconeogenic carbon sources induce tna due to a low glycolytic flux, then a 

knockout of CRP should remove indole production even when bacteria grow on 

fumarate. If, however, gluconeogenic carbon sources increase alkaline stress, then 

a ΔtorR strain should show a significant decrease in indole production. Finally, a 

combination of both effects could be tested with a double KO. 
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 Indole effect on membrane potential 

Previous works have demonstrated that treatment with high indole concentration 

produces membrane depolarisation330. In addition, it also has been reported that 

such high concentrations are indeed achievable physiologically through intense 

indole synthesis during the so-called ‘indole pulse’. However, the effect of this 

indole pulse has not been studied during planktonic growth. 

My results indicate that cells growing in fumarate produce constant indole and 

produce a stronger Oxonol-VI signal, which is inversely correlated to membrane 

potential and is thought to represent membrane depolarization. This phenotype is 

also present in cells growing without tryptophan and is therefore indole-

independent. Nevertheless, when I look at cells growing on glucose, I can see that 

the Oxonol-VI signal decreases as cells during the initial stages of the exponential 

phase but start to increase along with the TnaA::GFP signal. Consistently, this 

change does not occur in the absence of tryptophan, which suggests that TnaA 

synthesis and indole production drives the change in membrane potential. An 

important drawback of this approach emerges from the fact that oxonol-VI 

fluorescence depends on two factors: fluorophore uptake and membrane voltage. 

Indeed, this artefact is common to all chemical probes to measure membrane 

potential. For example, already in 1999, the studies of the membrane potential 

with the Rhodamine 123, DiOC(3), oxonol dye DiBAC,(3) showed that the 

fluorescent signal was affected by the cell size and permeability of Staphylococcus 

aureus424,425. Indeed, this artefact was the motivation for the development of 

ratiometric sensors such as DiOC2(3) that provide a signal proportional to the 

membrane potential along with an independent signal proportional to the 

fluorophore abundance425. The lack of this reference signal for the reporters 

tested here could explain why membrane potential measurements with ThT and 

OxVI are so diverse. 
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On top of that, both membranes could potentially influence the signal from this 

voltage reporter. Therefore, I think that using a genetically encoded membrane 

potential reporter could help resolve these problems. In addition, with the 

methods I have developed, I could (given more research time) now directly 

measure periplasmic pH (using my periplasmic reporter pelBC::pHuji). 

It is clear that the work presented in this chapter is preliminary. Therefore, a more 

rigorous analysis of the potential role of indole should include (i) physiological 

regulation of membrane voltage (and how it influences porin permeability in light 

of the other regulatory mechanisms described in Chapters 3, 4, and 5); and (ii) 

whether indole could influence macrophage phagosomal or cellular membrane 

voltage and thereby disrupt host immunity.  
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Discussion 

In this project, I have explored how the periplasmic ionic environment of E. coli 

might regulate porin permeability. I have linked dynamics changes in periplasmic 

ions to the carbon metabolism integrating all my findings into a model to explain 

the control of porin permeability. I validated my model by looking at permeability 

to the antibiotic ciprofloxacin confirming the potential clinical relevance of my 

findings. Finally, I studied the dynamics of the physiological regulator of membrane 

potential indole, showing how carbon metabolism might regulate it and lead to 

changes in membrane potential. 

 Regulation of porin permeability by periplasmic 

ions 

Despite long-standing research on the effects of ions in porin conductivity and 

permeability66,335, the relevance for this phenomenon in living organisms remains 

insufficient. The results reported in this thesis provide the first convincing 

evidence that intracellular periplasmic ions drive bacterial permeability in vivo, 

which could explain how bacteria can build a proton motive force despite having 

a large number of porins on the outer membrane. 

I deployed a combined approach measuring the accumulation of fluorescent 

compounds with flow cytometry and monitoring single-cell uptake in real-time 

with the Mother Machine microfluidics system. The impact of internal potassium 

and hydrogen in the uptake of fluorescent tracers suggest potential regulation of 

porins through internal ions. In addition, my data suggest that the OmpC porin is 

largely responsible for the effects of internal potassium. This evidence is also 

supported in the findings of Kojima et al., who used a totally independent 

method102. 
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I then developed an independent method to modulate periplasmic pH at the 

single-cell level, adapting a genetically encoded light-activated proton pump, 

ArchT. Measurements of fluorescent markers with the cells expressing ArchT 

within a microfluidic device indicated that periplasmic acidification blocks porin 

permeability. 

I also provide computational support through molecular dynamic simulation that 

the porin aperture might be regulated by the protonation of residues located at 

the periplasmic side. In line with the experimental results, these simulations 

suggest that increased protonation decreases porin diameter. Although advanced 

methods could increase the precision of the simulation, exploring that option was 

beyond the scope of my research. Reconstituting porins in lipid vesicles with 

different pH inside and out could produce definitive evidence for intrinsic 

regulation of porin permeability by ion interaction. 

Whilst the data presented in this work indicate that internal ions modulate porin 

permeability, there are some potential issues with the methodology that could 

introduce artefacts in our measurements. First, the greater part of this work was 

done with 2NBDG, which accumulates in the cytoplasm. Thus it is perfectly 

possible that the experiment confounded changes in the permeability of the inner 

membrane with the outer membrane. This issue should be easily solved by 

repeating some of the measurements with the fluorescent penicillin analogue BFL. 

In addition, it could be the case that the ionic modulation of porins is intrinsic to 

the particular porins of E. coli studied in this work. This idea is supported by the 

fact that different porins have indeed different ion selectivity66. Also, several 

studies have shown that changing certain amino acids in the porin sequence 

causes significant changes in the permeability and selectivity of the porin66. 

Further studies of porins in other Gram-negatives such as Pseudomonas or in other 

non-Gram-negatives like Mycobacterial species would provide even more robust 

evidence for a generalisation of porin control through ionic changes. It is also 
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interesting to ask whether this ion regulation of porins could occur in the 

mitochondrion's porin-like proteins. 

One reason why similar effects in all double-membrane organisms should be 

expected is that this mechanism explains how double-membrane bacteria can 

build an ion gradient when they have open pores on the outer membrane. If these 

pores are always open, when the electron transport chain pumps protons to the 

inter-membrane space, they should theoretically leak out. My work provides 

evidence of ion regulation of bacterial porins that would preserve the proton 

motive force as much as possible and potentially limit ROS production through the 

back reaction of Complex I. Whilst a possible explanation could be that porins and 

the electron transport chain cluster around different areas of the membrane (e. g. 

accumulating on different poles), studies covering the localisation of E. coli’s 

proteome suggest the opposite426. That is, most of the electron transport chain 

and Kreb’s cycle-related proteins are located in the membrane poles, which is the 

same area around which transporters are located426. Nevertheless, the open 

question is, how can gram-positives generate a proton gradient with only one 

membrane? 

 Periplasmic ion isolation 

The results presented in this thesis represent the first step in understanding 

periplasmic ion dynamics in E. coli. I adapted a genetically encoded pH sensor to 

accurately monitor periplasmic pH for the first time. This experiment revealed that 

the ionic periplasmic environment is partially isolated from the external medium 

and this isolation allowed the emergence of proton spikes. Although the buffering 

capacity was not absolute, these results are very important in the light of the 

general thesis because it clearly shows that the proton concentration of the 

periplasm can fluctuate independently of the external medium and the cytoplasm. 
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Although I tried to develop a reporter for periplasmic potassium based on the 

GINKO1 reporter, I noticed that the fluorescent sensors for this ion were not stable 

in the cytoplasm. This problem was likely due to the instability of GFP in the 

periplasmic environment404. Future designs should take this into account. For 

example, new genetically encoded potassium sensors have been already 

explored427 using GINKO1 as a template but changing the K-binding region. It 

would then make sense to integrate the K-binding region in other fluorescent 

proteins that could be resistant to periplasmic conditions. This combination would 

allow having a fluorescent potassium sensor for the periplasm compartment. This 

tool would be precious because I observed that the cytoplasmic K+ was not fully 

permeabilised with the valinomycin treatment. 

 Carbon source drives ion oscillations 

Looking at the dynamics of individual ions in the cytoplasm and the periplasmic 

pH, I noticed that the potassium and hydrogen ions were highly dynamic. My 

results suggest that one of the underlying forces behind these spikes is carbon 

metabolism, partly mediated by the voltage-activated potassium channel Kch. This 

observation was also supported by the increase in membrane potential spikes with 

the increase in glucose. Also, the use of ionophores and the chemical disruption of 

the ATPase with oligomycin caused a clear impact on the membrane potential 

baseline, strongly suggesting the participation of the electron transport chain.  

Moreover, I found that the Kch channel contributes to setting the basal membrane 

potential through changes in the periplasmic pH. Nevertheless, I was unable to 

assess its impact on potassium levels. As mentioned above, this could be solved 

with the periplasmic potassium sensor. 

The correlation between the carbon source and the changes in periplasmic ions 

led us to theorize that carbon sources could mediate membrane permeability. 
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Interestingly, I found that extreme conditions such as starvation and the high 

availability of carbon sources increased membrane permeability.  

It would be compelling to study the relationship between metabolism and cell 

division because of its potential relevance to pathology. It has been proposed that 

one of the survival mechanisms of bacteria during the infection process or trapped 

within the macrophage phagosome is to enter a state of dormancy428,429. 

Therefore, I would expect different oscillatory frequencies for dormant bacteria 

versus growing bacteria.  

 Carbon metabolism drives ciprofloxacin uptake 

In order to test this permeability model, I studied the uptake of ciprofloxacin. 

Single-cell fluorescent analysis of ciprofloxacin uptake revealed how carbon 

sources might mediate the permeability of ciprofloxacin. One possible explanation 

for this phenomenon is that the grown on different carbon sources causes a 

differential expression in porins, which modulates cell permeability. However, I 

showed that combining the use of proton ionophores and different pH I could 

revert the permeability phenotype, suggesting that the periplasmic ionic 

environment indeed mediates the carbon source effect. Still, this method presents 

the same kind of bias discussed in section 7.1, particularly because it is known that 

pH changes alter quinolones permeability416. Thus, experiments with ArchT and 

the uptake of quinolones might help to resolve this confounder. 

In addition, I found that the deletion of the Kch channel also impaired ciprofloxacin 

uptake. A detailed study of this strain showed that this phenotype is modulated by 

the carbon source concentration, in accordance with the model proposed in this 

work. Nevertheless, measuring ciprofloxacin as a proxy for permeability presents 

the same bias that glucose analogues. This compound tends to accumulate in the 
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cytoplasm. This cytoplasmic accumulation means that easy to mistake changes in 

permeability in the outer membrane with the inner membrane. Here, I think 

fluorescent penicillin markers as a proxy for outer membrane permeability could 

help further clarify this question. 

I then tried to translate the effect of carbon source in permeability to antibiotic 

efficacy. As expected, the data showed that the deletion of major porins or the 

Kch was associated with increased ciprofloxacin resistance. The use of different 

carbon sources causes leads to large differences in the antibiotic susceptibility of 

E. coli. In line with this evidence, growing metabolic knock out strains with 

impaired glucose or lipid pathways in mixed media showed that the strains utilising 

glucose always had higher susceptibility to ciprofloxacin. 

Overall, this work has shown that carbon source affects not only permeability but 

also antibiotic susceptibility. A potential area of research could be looking for 

combined therapies targeting periplasmic ions, improving the uptake of 

antibiotics. The clear drawback of this method is that most ion modulators also 

affect eukaryotic cells. Therefore, a more reasonable approach could be targeting 

the Kch channel or the electron transport chain itself. 

 Regulation of indole and membrane potential 

The results presented in this chapter potentially helped to generalise our 

understanding of the regulation of indole production. Using several carbon 

sources, I showed that indole production at the stationary phase entrance is likely 

regulated by the glycolytic flux. In addition, I show that cells growing on 

gluconeogenic carbon sources present a very different profile for indole 

production.  

Moreover, I also attempt to show how indole production affects the membrane 

potential in live cells. Although my findings were not conclusive, they pointed to 
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an important disadvantage in using chemical probes as membrane potential 

reporters.  

However, my data clearly indicate that indole acts as an ionophore. This result was 

confirmed by measuring the change in cytosolic pH with the addition of indole. In 

addition, I also showed how growing cells have a different cytoplasmic pH 

depending on their ability to produce indole. 

Future work is necessary to define the precise role of indole production and its 

impact on bacterial membrane permeability and host immunity. 
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