
 
 

 

 

TolC imaging and its time-resolved production 

dynamics. 

by 

Alexander Mircea Petrescu 

a Thesis submitted in partial fulfillment  

of the requirements for the degree of  

 

Doctor of Philosophy 

in Biochemical Engineering 

 

Approved Dissertation Committee 

Prof. Dr. Mathias Winterhalter 

Jacobs University Bremen 

Prof. Dr. Roland Benz 

Jacobs University Bremen 

Prof. Dr. Malcolm Page 

Basilea Pharmaceutica Ltd. 

Prof. Dr. Jean-Michel Bolla 

Aix-Marseille Université 

 

 

 

Date of Defense: 11th of May 2016 

Department of Life Sciences and Chemistry 
 
 



 
 

2 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 
 

3 

 

Statutory Declaration 

(Declaration on Authorship of a Dissertation) 

 

 

 

 

 

 

I,  Alexander Mircea Petrescu hereby declare, under penalty of perjury, that I am aware of the 

consequences of a deliberately or negligently wrongly submitted affidavit, in particular the 

punitive provisions of § 156 and § 161 of the Criminal Code (up to 1 year imprisonment or a 

fine at delivering a negligent or 3 years or a fine at a knowingly false affidavit).  

 

Furthermore, I declare that I have written this PhD thesis independently, unless where clearly 

stated otherwise. I have used only the sources, the data and the support that I have clearly 

mentioned.  

 

This PhD thesis has not been submitted for the conferral of a degree elsewhere. 

 

  

 

 

 

 

 

 

Bremen, the 11th of May 2017 
 

 

 

 

 

Signature  



 
 

4 

 

Table of Contents  

STATUTORY DECLARATION 3 

ACKNOWLEDGEMENTS 6 

1 TOLC IMAGING AND TIME-RESOLVED PRODUCTION VIA FLUORESCENT LABELING IN 

ESCHERICHIA COLI 7 

1.1 DECLARATION OF CONTRIBUTION 7 

1.2 ABSTRACT 7 

1.3 INTRODUCTION 7 

1.3.1 THE BACTERIAL ENVELOPE AND TRANSPORT 7 

1.3.2 THE OUTER MEMBRANE PROTEIN TOLC 9 

1.3.3 OTHER ROLES OF TOLC 11 

1.3.4 PROTEIN LABELING AND OMPS. 12 

1.4 MATERIALS AND METHODS 14 

1.4.1 GENOMIC INSERTIONS OF MUTATIONS 14 

1.4.2 MINIMAL INHIBITORY CONCENTRATION DETERMINATION 16 

1.4.3 COLICIN E1 KILLING TEST 16 

1.4.4 REAL TIME RT PCR 17 

1.4.5 WESTERN BLOT 17 

1.4.6 SETTING UP ONLINE MEASUREMENTS 18 

1.4.7 ONLINE OPTICAL DENSITY AND FLUORESCENCE MEASUREMENT 18 

1.4.8 ANTIBIOTICS FOR ONLINE MEASUREMENTS 19 

1.4.9 DATA ANALYSIS FOR THE TIME – RESOLVED MEASUREMENTS 20 

1.4.10 MICROSCOPY AND CELL FIXATION 20 

1.5 RESULTS AND DISCUSSION 21 

1.5.1 THE CONSTRUCTS 21 

1.5.2 FUNCTIONALITY TESTING 21 

1.5.3 TIME-RESOLVED FLUORESCENCE MEASUREMENTS 26 

1.5.4 WESTERN BLOT 29 

1.5.5 REAL TIME RT PCR 30 

1.5.6 ANTIBIOTIC RESPONSE 32 

1.5.7 ANTIBIOTIC RESPONSE – MICROSCOPY 36 

1.6 CONCLUSION 39 

1.6.1 OUTLOOK 41 

1.7 REFERENCES 43 



 
 

5 

 

1.8 APPENDIX 49 

2 PAPER: BRIDGING TIMESCALES AND LENGTH SCALES: FROM MACROSCOPIC FLUX TO 

THE MOLECULAR MECHANISM OF ANTIBIOTIC DIFFUSION THROUGH PORINS. 60 

2.1 DECLARATION OF CONTRIBUTION 60 

3 PAPER: BIOPHYSICAL CHARACTERIZATION OF IN- AND EFFLUX IN GRAM-NEGATIVE 

BACTERIA 68 

3.1 DECLARATION OF CONTRIBUTION 68 

 

  



 
 

6 

 

Acknowledgements  

 

 

 

I would like to express my sincere and immense gratitude to Prof. Mathias Winterhalter for all the 

support, trust and confidence he has placed in me over the years. Chapeau!  

 

 

I am thankful to the members of the committee evaluating this work, especially to Prof. Malcolm 

Page for his wise and kind comments and suggestions. 

 

 

I would like to acknowledge my loving parents, Elisabeta and Constantin, for all the sacrifices they 

have made such that my brother and I pursue the educations we want. You have been and are a 

humbling example for me. 

 

 

My brother Dragoş has always been there for me, a listening ear, a helping hand and always 

supportive. Thank you! 

 

 

And lastly, I thank my sweet Victoria for being such a supportive, gentle and cheerful presence in 

my life. Thank you, love. 

 

 

 

 

 

 

 

 

 

 

 



 
 

7 

 

1 TolC imaging and time-resolved production via fluorescent 

labeling in Escherichia coli 

 

1.1 Declaration of contribution 

I have conceived the study and designed all experiments. I have done all the cloning, functionality 

tests, Western blots, quantitative real time RT PCR, most microscopy and some of the growth 

curve/time-resolved fluorescence measurements. The remaining microscopy and time-resolved 

fluorescence experiments I did together Xizhou Zhang, in the framework of her bachelor thesis, 

under my supervision.  I wrote this manuscript and planned further experiments. 

1.2 Abstract  

TolC is a component of the protein complex that forms the main bacterial efflux system involved 

in expelling out of the cell numerous harmful antibacterial chemicals such as antibiotics and 

detergents. TolC is the outer membrane component of the system and it connects with an inner 

membrane energy-demanding pump, which can be either an ABC transporter or a proton 

antiporter. A periplasmic membrane fusion protein seals the connection of the two. TolC is able 

to bind a multitude of such transporters which have very different substrate specificities thus TolC 

part-taking in the efflux of dozens of substrates. This makes TolC be a main participant in the 

phenomenon of multidrug efflux and a better understanding of its behavior in vivo is thus 

required. In the present study, the spatial localization and time-resolved dynamics of TolC 

production in live cells is described. This is achieved by labeling the TolC protein genomically with 

an oxidation-resistant variant of GFP, superfolder GFP. The labelled protein is fully functional and 

shows a growth medium-dependent expression. Furthermore, certain antibiotics increase its 

production in a concentration-dependent manner. This is the first time such a behavior was 

shown and opens new ways for further research. 

 

1.3 Introduction  

1.3.1 The bacterial envelope and transport 

Gram-negative bacteria are surrounded by a very distinct cell envelope that is made of two 

individual membranes. Sharff et al. (2001) give a comprehensive account on the peculiarities of 

this envelope: The inner membrane is in contact with the cytosol and it is a normal phospholipid 

bilayer. The outer membrane faces the cell’s exterior and the lipids of the outer leaflet have 

attached to them poly-saccharides with polar sugar head groups. These lipopoly-saccharides 
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confer the bacteria unique physical-chemical features and are a characteristic of bacteria. They 

are often the ones inducing an immunogenic response in hosts. Between the two lipid bilayers 

there is a 100 to 250 Å-long space (Graham, 1991), the periplasm, inside which a peptidoglycan 

wall is built to confer mechanical strength to the bacterium. Because of the outer membrane 

porins, most of which are basically open, the periplasmic space is in ionic equilibrium with the 

exterior, fact that leads to a series of problems and interesting solutions to these problems. More 

accurately, due to the fixed charged (polar) groups on the outer membrane the periplasm is in 

Donnan equilibrium (Hellman, 1998). The problems mentioned are referring to the mechanistic 

challenge the bacterium is faced with when having to secrete/excrete molecules across the 

periplasm. Energy is required to move molecules across the periplasm in the case of excreted 

waste and virulence factors, and energy has to go into fighting a concentration gradient in the case 

of drug influx. In order to get this energy, ATP could be hydrolyzed or electrochemical gradients 

could be utilized. However, since the periplasm is in equilibrium with the outside environment, 

ATP concentrations cannot be sustained in the periplasm nor can electrochemical gradients be 

established. Therefore, outer membrane proteins cannot benefit from such forms of energy and 

they cannot do the active transport. The active energy-consuming step has to be driven at the 

inner membrane level, from the cytoplasm. And here comes the mechanistic problem: with the 

active transport step at the level at the inner membrane molecules from the cytoplasm and from 

within the inner membrane (such as lipophilic drugs) have to be put across two membrane and 

the 100-250 Å of the periplasm (Graham, 1991).  

 

There are no less than five (I to V) systems developed through evolution that successfully 

transport various substrates in the outside environment. These systems are summarized by Sharff 

et al. (2001): in type II and V the transport isn’t continuous, but it is accomplished in two steps 

being fragmented in the periplasm where the substrate is free for some time. In type II, proteins 

with specific N-terminus localization signals are the substrates and they are transported in an 

ATP-dependent manner cotranslationally across the inner membrane through the Sec pump. In 

the periplasm they fold and translocation across the outer membrane takes place. Type III 

processes are complicated; they transport folded proteins that have certain signals requiring 

approx. 20 other auxiliary proteins. DNA is transported through a continuous pilus in the type IV 

mechanism.  

 

Type I transport is maybe the most interesting of all since is one of the main players in conferring 

bacteria the so-called multidrug resistance, a phenomenon with a rapidly growing importance of 

clinical relevance (Paulsen, 1997) In type I a continuous channel that spans the two membranes 

plus the periplasmic space is created through a multiprotein complex. The complex consists of 
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three elements: an inner membrane translocator, an outer membrane pore and a periplasmic 

membrane fusion protein that connects the two establishing a continuous channel (Johnson, 

1999). The inner membrane translocator can mostly be either an ATP-binding cassette (ABC) 

protein or a proton antiporter. The periplasmic fusion protein depends on the translocator and 

the outer membrane component.  

 

1.3.2 The outer membrane protein TolC 

The most prominent outer membrane component of the type I efflux system is the protein TolC 

from E. coli. TolC represents a ubiquitous large family of porins throughout Gram-negative 

bacteria: approximately 100 members have been found in 30 bacterial species (Paulsen, 1997), 

indicating the importance this protein has.  

 

TolC is able to interact with a large range of different transporters depending on the nature of the 

transported substrate (Paulsen, 1997) and ca thus complete the export of a variety of unrelated 

antimicrobials being thus very important in the phenomenon of multidrug efflux (Nikaido, 1996). 

Studies show that E. coli lacking the TolC protein are susceptible to a multitude of toxic agents 

such as bile salts, detergents, organic solvents (Bina, 2001 and Aono, 1998) which attests its role 

in MDR. TolC has a high versatility when it comes to the inner membrane transporter partner: 

although this partner can be an ABC transporter, it is mostly a proton antiporter belonging to the 

RND (resistance nodulation division) or to the MFS (major facilitator superfamily) families 

consisting of many transporters. In E. coli TolC is able to bind no less than 30 translocators, like 

EmrAB of the MFS family and AcrAB of the RND family (Saier, 1998). Figure 1 shows how such a 

type I complex looks like.  
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Figure 1: Example of a type I system involving TolC. TolC is shown interacting with the proton antiporter MDR 
family translocator AcrAB. The interaction is reversible and TolC can attach to up to 30 other translocators in 
E. coli participating in the efflux of many different substrates (picture from Eicher et al., 2009)  

 

By binding those 30 potential transporter partners TolC gets involved in the efflux of literally 

hundreds of substrates, most of which are toxic to the bacterium. To get an idea of the proportions 

of this phenomenon below are the substrate specificities of three TolC-containing E. coli efflux 

systems (Koronakis, 2004): 

AcrAB (RND family)/ TolC: acriflavin, azithromycin, β-lactams, bile salts, cholate, 

chloramphenicol, crystal violet, ciprofloxacin, deoxycholate, ethidium bromide, erythromycin 

AcrEF (RND family)/ TolC: fatty acids, fluoroquinolones, fusidic acid, nalidixic acid, novobiocin, 

rifampicin, SDS, Triton X-100 

EmrAB (MFS family)/ TolC: lipophilic cations, carbonyl cyanide m-chlorophenilhydrazone, 

nalidixic acid 

 

TolC thus becomes an essential player in the rapidly-increasing process of bacterial multidrug 

resistance, being very important to the survivability of pathogens in hosts during infections 

(Aono, 1998, Paulsen 1997 and Nikaido, 1996). Therefore, studying this protein under all possible 

aspects is crucial. The aspects advanced in this work for investigation are the spatial distribution 

and production dynamics of TolC. These aspects have not yet been investigated and represent a 

new approach to understanding the phenomenon of multidrug resistance. For example, TolC is 

the Omp conducing the substrates of all those pumps outside the cell, but is there a specific 

arrangement on the geometry of the cell that makes antibiotic efflux so efficient? Is this 

arrangement different prior to the apparition of the stressor (antibiotic), and how does it change 
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after? Is TolC production upregulated after antibiotic exposure and how fast? These are all very 

important questions that if answered would shed some light on the phenomenon of MDR.  

 

1.3.3 Other roles of TolC 

However, in addition to its drug efflux activity, TolC is used for a multitude of biological roles. 

Some of the processes TolC takes part in are useful for the cell, while others are detrimental.  

 

Iron is an essential element required for the growth of many organisms. Its ability to change 

oxidation stated between +2 and +3 make it vital for redox reactions in the electron transfer chain. 

In mammals, it is also essential as an O2/CO2 binder – as part of the heme. Iron is therefore a 

limited resource, either in the context of microbial life where most microorganisms will compete 

for it, or in the context of a host’s body where the pathogenic bacteria compete with the very host 

they are infecting for it. In order to sequester the scarce iron in their environment, bacteria have 

developed the ability to synthesize, secrete and retrieve very strong iron chelators, the 

siderophores. The siderophore produced by the organism Escherichia coli is enterobactin. Until 

recently it was not known how enterobactin is getting secreted, which molecular pathway it takes. 

Vega and Young (Vega and Young, 2014) found that the outer membrane channel required for 

enterobactin secretion is TolC. They observed that when cells are grown in media lacking iron, 

and are therefore induced to produce and secrete enterobactin, the cells swell and elongate 

(Figure 2). In their work, they show the swelling is due to the enterobactin which is getting 

produced but cannot leave the cell, the conclusion being that TolC is utilized for enterobactin 

secretion.    

X) 

 

 

 

Y) 

 

Figure 2: Enterobactin, the E. coli siderophore. X) the chemical structure of enterobactin and Y) E. coli 
morphology as a function of TolC and iron limitation: WT cells have similar morphology independent of iron 
(B) and C) inlets), whereas ΔtolC look elongated and swollen under iron limitation due to enterobactin 
accumulation in the periplasm (F) inlet) (picture from Vega and Young, 2014) 
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Siderophores help bacteria capture and retrieve the available iron, but there are also mechanisms 

helping them make more iron available to them. These mechanisms consist of producing protein 

toxins which are capable of multimerizing and forming large pores into erythrocytes, which then 

leads to a massive release of iron-containing hemoglobin. Staphylococcus aureus is widely known 

for being able to produces several such proteins, the hemolysins. However, also some pathogenic 

E. coli strains produce such toxins, the α-hemolysin (Skals et al., 2009). α-Hemolysin is produce in 

the cytoplasm and, in order to be secreted, it uses a dedicated inner membrane transporter, HlyB. 

HlyB forms a complex with TolC, TolC being essential for hemolysin secretion in E. coli. 

 

Colicins are bactericidal peptides produced by certain strains of E. coli against others, aiding their 

fight for resources. Colicins require a receptor on the surface of the cell, and a channel to 

translocate into the periplasmic space. Once there they might undergo folding/maturation which 

renders them active. Some of them act directly in the periplasm inserting into the inner membrane 

and creating pores which disrupt the membrane potential, while others act in the cytoplasm as 

DNases/RNases. Colicin E1 is using the vitamin B12 as a receptor and TolC as the channel to go 

through (Masi et al., 2007). This is a remarkable use of the fact that TolC is such an important 

protein for E. coli, and it must be there, therefore a good place for “high jacking”.  

 

X) 

 

Y) 

 

Figure 3: Colicin E1 entry into the cell. X) Once docked onto the BtuB receptor, the peptide binds and translocate 
through TolC (image from Masi et al., 2007) and Y) the pore-forming domain of Colicin E1 as it inserts and forms 
a channel into the inner membrane (image from Sobko et al., 2006)  

Colicin E1 thereafter forms inserts into the inner membrane with its pore-forming domain, 

creating large holes which lead to membrane depolarization (Sobko et al., 2006). 

1.3.4 Protein labeling and omps. 

Previous studies on LamB (maltose uptake outer membrane protein porin) spatial distribution 

(Vos-Scheperkeuter, 1984 and Jaffe, 1985) done using indirect immunogold electron microscopy 

involving an anti-LamB primary antibody and a protein A-gold probe on fixed cells have been 
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unable to correctly asses LamB spatial distribution. This was in part due to the bad antibody 

staining because of the difficult access to LamB as a result of the intricate lipopoly-saccharide 

(LPS) layer (Voorhout, 1986), and due to the fixation of cells, which affects the outer membrane 

integrity. Therefore, investigating the spatial distribution of Omps is better preferred in live cells. 

 

In fact, it was long-proven that indirect immuno-labeling does not provide an accurate description 

of the outer membrane since the chemical fixation method seems to be responsible for extracting 

proteins (Palade, 1952), thus live-imaging is essential for maintaining the native Omps 

distribution.    

 

If modern live-cell imaging using GFP and its derivatives can be successfully applied for 

cytoplasmic and inner membrane proteins (Feilmeier, 2000) it has been shown that this method 

cannot be used on outer membrane proteins because GFP fails to fold correctly when exported 

from the cytoplasm (Feilmeier, 2000) into the periplasm and therefore there is little, almost non-

existing information on the localization of Omps.  

 

One of the very few studies investigating outer membrane proteins organization is that of Gibbs 

et al. (2004). They have found way of investigating the spatial distribution and dynamics of LamB. 

Using the information that the lambda bacteriophage uses LamB as receptor when infecting 

bacteria, they produced lambda phage tails, which they afterwards fluorescently labeled. These 

tails are natural ligands of LamB and therefore they can be used as probes when labeled. This 

method was good both for LamB spatial localization and for live-imaging showing how the spatial 

pattern changes over time. The results were interesting revealing not a uniformly distributed 

pattern, but a spiral-shaped localization consisting of one LamB moving population and another 

LamB resting population.  

 

When GFP and derivatives are fused to proteins that exit the cytoplasm they fail to fold correctly 

and do not fluoresce unless they are exported using the Tat export pathway (Feilmeier, 2000). 

The Tat pathway exports proteins in a fully folded state and it is not the route taken by most 

exported proteins, including the omps. Omps take a different export route, the Sec pathway which 

transports them in a linear form in the periplasm where they are welcomed by chaperons aiding 

their refolding which evidently fails for GFP and derivatives. Pedelacq et al. (Pédelacq et al., 2006) 

developed a robust derivative of GFP with improved folding and stability, termed superfolder GFP 

– sfGFP. Aronson et al. (Aronson et al., 2011) showed that the superfolder GFP is able to fold and 

fluoresce in the Escherichia coli periplasm, making it an suitable reporter for the thus-far 

„inaccessible“ periplasm.  
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Structurally, TolC is a homo-trimieric protein, composed of 12 strads that form a continuous 

140Å-long channel spanning the outer membrane and reaching deep into the periplasm 

(Koronakis et al., 2004). Each monomer contributes 3 of the strands, which, in the outer 

membrane form a β-barrel that is continues by long α-helical barrel followed by a mixed α/β 

barrel. This third domain of the protein, the equatorial one, harbors the protein’s C-terminus. The 

C-terminus is pointing outwards toward the periplasm, hanging freely (Koronakis et al., 2004; 

Zgurskaya et al., 2011) 

 

 

Figure 4: TolC structure. Arrow points to the C-terminus, in the equatorial domain of the protein (picture 
from Zgurskaya et al., 2011) 

 

As the C-terminus of TolC hangs on the outside of the protein exposed to the periplasm (Figure 4), 

it seemed like a suitable strategy to fuse the sfGFP translationally to it. The sfGFP protein would 

be linked to TolC, on the side, hopefully not impeding TolC’s functions. The novel protein proved 

to be both functional and fluorescent and revealed previously unknown interesting facts.  

 

1.4 Materials and Methods  

1.4.1 Genomic insertions of mutations 

The protocol for Red/ ET® recombination by Gene Bridges GmbH and the original study by 

Datsenko and Wanner (Datsenko and Wanner, 2000) were adopted and modified in order to 

generate both the CSH50 ∆tolC::bla and CSH50 tolC-sfgfp-bla strains.  
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The plasmid containing the Red/ET over-expression, pSC101-BAD-gbaAtet, was transformed into 

chemically competent CSH50 cells. Recovery and incubation were done at 30 °C overnight on a LB 

agar plate containing 3 μg/ml of tetracycline. Next, a single colony was inoculated at 30 °C 

overnight at 150 rpm in 3 mL LB medium containing 3 µg/mL tetracycline. From this preculture 

a 1:100 dilution in 200 mL LB medium containing 3 µg/mL tetracycline was prepared in a 1 L 

culture flask and it was further incubated at 30 °C at 150 rpm. It was grown until it reached an 

OD600 of 0.4-0.6 when the temperature was raised to 37 °C and 6 mL of 10 % L-arabinose was 

added to induce Red/ET expression. The induced culture was incubated for another hour at the 

same conditions (37 °C, 150 rpm). Next, the culture was chilled on ice followed by a centrifugation 

at 3000 rpm for 10 min at 4 °C. The pellet was washed once with cold ddH2O, re-centrifuged and 

then washed again with cold ddH2O containing 10% glycerol. After the last washing and 

centrifugation, the OD600 was adjusted to 0.4-0.6 with ddH2O containing 10% glycerol and arching 

was tested with a BIO-RAD Mircopulser™ electroporator. Lastly, the cell suspension was frozen in 

liquid nitrogen in 80 µL aliquots and then stored at -80 °C.  

 

The bla ampicillin resistance gene and sfgfp-bla respectively were amplified by PCR (50 ng 

pBAD24/pBSKsfgfp plasmid template, 10 μL 15x GC buffer, 1.5 μL DMSO, 500 nM forward primer, 

500 nM reverse primer, 200 μM dNTPs, 0.5 μL Phusion polymerase, and ddH2O up to total volume 

of 50 μL). The PCR reaction was carried on at 98 °C for 2 min, then 25 cycles of 98 °C for 10 s, 

51/58 °C for 30 s, 72 °C for 40s/3 min, and finally 72 °C for 10 min and 4 °C until the end. Gel 

electrophoresis was performed for verification, on a 1 % agarose gel. The primers were 5’-

aattttacagtttgatcgcgctaaatactgcttcaccacaaggaatgcaaatgagtattcaacatttccg and 5’-

atctttacgttgccttacgttcagacggggccgaagccccgtcgtcgtcattaccaatgcttaatcagtg for amplifying bla, and 5’- 

gcaaacatccgcacgcactaccaccagtaacggtcataaccctttccgtaacctcgagggtggcgcggat and 5’- 

atctttacgttgccttacgttcagacggggccgaagccccgtcgtcgtcattaccaatgcttaatcagtgag for amplifying sfgfp-

bla. The PCR products were incubated with DpnI restriction enzyme for 1 h at 37 °C and then for 

20 min at 80 °C for inactivation. Gel electrophoresis was performed with the resulting product on 

a 1 % agarose gel with SYBR Green®.  The PCR products were gel-purified using the NucleoSpin® 

Extract II kit.  

300 ng of the purified PCR products were added to the previously made recombination competent 

cells. A BIO-RAD Mircopulser™ electroporator was used with 2.5 kV/5 ms for transformation. The 

cells were then incubated for 1 h at 37 °C in rich dYT medium. The transformations were plated 

on ampicillin plates and incubated overnight at 37°C. 

 

Single colonies were picked from the transformed cells and resuspended in 50 µL ddH2O. The 

samples were placed in a heating block for 5 min at 95 °C under vigorous shaking. Next, the tubes 



 
 

16 

 

were shortly centrifuged and 5 µL of the cells solution was taken out and used as DNA template 

for PCR verification. The PCR mix was added (5 μL 10x ThermoPol buffer, 200 nM forward primer 

and 200 nM reverse primer, 200 μM dNTPs, 0.5 μL 1000 U/mL Vent polymerase, and ddH2O) up 

to total volume of 50 μL. The PCR reaction was performed at 95 °C for 5 min, then 30 cycles of 

95 °C for 45 s, 49/52 °C for 45 s, 72 °C for 45/120 s, and finally 72 °C for 5 min and 4 °C until the 

end. Primers that amplify the tolC gene (5’-catgaagaaattgctccccattc and 5’- 

acgcgtcgactcagttacggaaagggttatg) were used to check its successful deletion; for the sfgfp-bla 

insertion, the tolC-sfgfp junction was checked with primers 5’-cattgttgatgtgttggatgc and 5’- 

gtcagggtagtcaccagagtc – expected product size of 534 bp.  The products were checked on a1 % 

agarose gel.  

All enzymes used were from New England BioLabs, Frankfurt, Germany. 

 

The pBSKsfgfp plasmid was a much-appreciated kind gift from Dr. Thomas G. Bernhardt. 

1.4.2 Minimal Inhibitory Concentration determination 

For all tested antibiotics except for novobiocin, the MIC was determined using bioMerieux's 

ETEST® antibiotic strips on LB agar plates following the protocol given by the manufacturer.  

For novobiocin the serial dilution method was used. In a 96-well microtiter plate 180 μL of Müller-

Hinton broth was added in the first row of wells and 100 μL of Müller-Hinton broth was added to 

the following rows. 20 µL of 32 mg/mL of novobiocin solution was added to the first row. The 

antibiotic was well mixed in the first well and 100 µL were taken out and placed in the well of the 

second row. This was again mixed and 100 μL of the second row were transferred into the third 

etc. until the last row, where the last 100 μL were discarded. Bacteria that were previously grown 

in fresh overnight cultures were suspended in sterile water in a 1.5 mL tube. A dilution was 

prepared to adjust the OD600 to 1.0 (approximately 109 bacterial cells/mL). The suspension was 

further diluted 1:10 with sterile water. Then, a 1:50 dilution with Müller-Hinton broth was 

prepared giving a concentration of 2*106 cells/mL. Of this dilution 100 µL were added to each 

well. The pipetting was stared at the well with the lowest concentration of antibiotics and then it 

was moved up to the wells with higher concentration. The cells were left to grow in the incubator 

overnight, and the MIC was read. 

1.4.3 Colicin E1 killing test 

Overnight cultures of the cells were diluted in LB to OD600= 0.4 and plated evenly using a sterile 

cotton swab on LB agar plates. A solution of 33.3 μM Colicin E1 was diluted 100 fold to get the 

starting concentration. This dilution was further diluted 10 fold 5 more times. Each solution was 

dropped on the plated bacteria in 5 μL drops.   
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1.4.4 Real Time RT PCR 

Cells were grown identically to those for online fluorescence monitoring, in the fluorimeter in a 

96-well plate and in biological triplicates. The cells were collected from multiple wells and the 

RNA was extracted with the RNAEasy kit. QuantiTect SYBR Green one-step Quantitative PCR 

(Qiagen GmbH, Germany) was used to conduct the qRT-PCR in a Mx3000PTM Real Time cycler 

(Stratagene, USA). The primers used to the quantitate the tolC transcript were 5’-

ggaattgcgtaagtctgccg and 5‘-ggtagccgttgctataggtg amplifying 100 bp from the beginning of the 

transcript, and for the rrsA control 5'-ctcctacgggaggcagcag and 5'-gtattaccgcggctgctg. The program 

consisted of the following steps: 1x50°C for 10min, 1x95°C for 16min, 40x95°C for 30s, 58°C for 

30s, 72°C for 30s.  

Prior to the data analysis, the average PCR efficiencies for the amplicons were calculated using the 

LinRegPCR software (Ramakers et al., 2003). 

1.4.5 Western Blot 

Cells were grown in the fluorimeter as in the time-resolved fluorescence experiments. After 18h 

of growth cells from multiple wells were collected for verification of TolC-sfGFP amounts in the 

M9 vs. the M9 plus iron growth media. The cell pellets were resuspended in the 

resuspension/sonication buffer (10 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 10 mM MgCl2, 0.1 mM 

DTT, 5 % Glycerin, 230 mM NaCl). For protein extraction, the samples were sonicated for 30 s 

(90 % power) and then put on ice for 1 min. This was repeated 8 times. Then, the samples were 

centrifuged for 30 min at 13 000 rpm at 4 °C. The supernatants were collected in fresh tubes and 

stored at -20 °C. To determine the protein concentration of the crude protein extracts the Pierce™ 

BCA Protein Assay Kit was used following the kit manual. For detection, the Tecan Infinite® 

M200PRO multimode reader machine in conjunction with Magellan software was used.  

 

On a 10% SDS-PAGE gel 5 µg of each sample were loaded. For reference 10 µL of 

ColorPlusPrestained Protein Marker, Broad Range (7-175 kDa) (New England BioLabs, Frankfurt, 

Germany) was chosen. The conditions for running the gel were 80 V for 20 min followed by 110 V 

for 1.5 h or alternatively it was stopped when the running front reached the bottom of the gel.  

 

For the Western blot the Glassycarbon Semidry Transfer System (Schleicher & Schnell, Dassel, 

Germany) was used. The proteins were transferred on a nitrocellulose membrane (Schleicher & 

Schnell, Dassel, Germany), by blotting for 1.5 h using an electric current of mA equal to the total 

area of the gels blotted in cm. Afterwards Ponceau S solution was used for staining the membranes 

to verify the transfer. With 0.1 NaOH the staining solution was removed and then the membrane 
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was washed with Tris-Buffered Saline plus Tween-20 (TBST). The membrane was then incubated 

with 5 % powder milk in TBST for overnight at 4 °C on a rocking table for blocking the membranes.  

For detection on the membrane the ECFTM kit (GE Healthcare, Munich, Germany) was applied. The 

primary mouse anti GFP antibody (Neoclone, Madison, USA) was diluted 1:1000000 in 1 % skim 

milk in TBST. The blocked membrane was incubated with the primary antibody for 2 h at room 

temperature on a rocking table. The membrane was washed 3 times with TBST for 10 min. Next, 

the secondary anti-mouse IgG AP-linked antibody (Cell Signaling Technology, Inc., Danvers, MA, 

USA) were added subsequently and incubated each for 1 h. A washing step followed with washing 

3 times for 7 min with TBST. Next ECF (GE Healthcare, Munich, Germany) was added and 

incubated for 5 min. Fluorescence was recorded with Fuji Phosphoimager FLA7000 (Fujifilm, 

Tokyo, Japan) and for the quantification AIDA 2D densitometry analysis, version 4.0 was used.  

1.4.6 Setting up online measurements 

Depending on the experiment (either only OD600 or both OD600 and fluorescence) the strains that 

were used were: CSH50 WT, CSH50 ∆tolC::bla, CSH50 tolC-sfgfp-bla. The cells were plated on LB 

agar plates containing 50 μg/mL ampicillin, except for WT that was plated without antibiotic. 

Single colonies (3 for each strain) were then inoculated in 2 – 3 mL of LB containing 50 μg/mL 

ampicillin (except for WT) in glass tubes and incubated at 37°C while shaking at 150 rpm in a 

CERTOMAT® BS-1 incubator. The next day, prior to using these cultures as inoculums for the 

main experiment in the fluorimeter, the overnight OD600 of all strains and replicates (that are part 

of the same experiment) were brought to the same value. 1 mL of each overnight culture was 

pelleted at 6000 rpm for 3 min in a table-top centrifuge and then subsequently washed twice with 

ddH2O in order to wash away all iron contained in the overnight LB cultures. The OD600 of a 1:10 

dilution of the final resuspended pellets was measured and all OD600 were brought to the same 

value via dilution in ddH2O. These same OD600 samples were used as inoculums in a 96 – well plate 

for online OD600 and fluorescence measurement. 

1.4.7 Online Optical Density and Fluorescence measurement  

The online measurement is carried out in minimal medium M9 and in M9 plus iron. M9 is made 

according to the following scheme (Sambrook and Russell, 2001): 

Table 1: Recipe for making 200 mL minimal medium M9 

5x M9 Salts (autoclaved)  40 mL  

ddH20  149 mL  

1 M MgSO4 (filter sterilized)  1 mL 

20 % Glucose (filter sterilized)  10 mL 

10 % Thiamine (filter sterilized)  200 μL  
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105 mg/mL L-proline (filter sterilized)  200 μL  

1 M CaCl2 (filter sterilized)  20 μL  

 

The components were added in the order given in Table 1. 

1 L of 5 times concentrated M9 salts consists of: 64 g Na2HPO4·7H2O, 2.5 g NaCl, 15 g KH2PO4, and 

5 g NH4Cl and ddH2O (up to 1 L).   

 

In order to prepare the iron containing condition, 10 mM FeSO4 was added to M9 to a final 

concentration of 10 μM. In addition to M9 and M9 plus iron, the cells were also grown in the 

presence of several antibiotics in these media. For details see Table 2. The OD600– normalized 

washed overnight cultures were inoculated in a 96 – well plate in a 1:200 dilution. 150 μL of 

media/media plus antibiotic were added to each well and then 0.75 μL of the overnight culture 

were added. The plate was a Corning 96 Flat Bottom black, clear bottom Polystyrol type. The 

entire length of the online measurement was 18 h, at 37 °C in a Tecan Infinite® 200 PRO 

fluorimeter. The measurement consisted of cycles of 10 min, out of which 6 min were for shaking 

at 180 rpm and 4 min for measuring. The optical density was followed at 600 nm. For fluorescence, 

GFP was excited at 488 nm and emission was measured at 530 nm. Each well was measured at 4 

different locations for a better precision.  

1.4.8 Antibiotics for online measurements 

In order to test the responsiveness of the reporter strain to antibiotics, antibiotics were chosen to 

represent various modes of action. The concentrations were chosen to be below the MIC, but high 

enough to stress the cells (to affect the growth). For testing for concentration – dependent effects, 

3 different antibiotics concentrations were tried out. 

Table 2: List of antibiotics used for the online measurement and their final concentrations. 

Antibiotics  Concentrations  

Chloramphenicol  1, 2, 3 μg/mL  

Clarythromycin 1, 2, 3 μg/mL  

Erythromycin 1, 2, 3 μg/mL  

Kanamycin  0.5, 1, 2 μg/mL  

Novobiocin  25, 50, 100 μg/mL  

Tetracycline  0.1, 0.2, 0.3 μg/mL  

Trimethoprim  0.25, 0.5, 1 μg/mL  

Linezolid 32, 64, 128 μg/mL 

The final concentrations were from diluting laboratory stocks into media. 
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1.4.9 Data analysis for the time – resolved measurements  

In order to generate the growth curve: the average OD600 value of the blank (M9 or M9 + Fe2+) was 

subtracted from the optical density value at each point on the measurement. For each strain and 

condition there were biological triplicates and an average and standard error was calculated at 

each time point. This value was plotted against time with the standard error as error bars 

In order to generate the Fluorescence/OD600: for each strain and condition the optical density was 

treated as above. The fluorescence, the emission at 530 nm, was at first corrected by subtraction 

of the average fluorescence value of the blank (M9 or M9 + Fe2+).  For each time point and for each 

one of the replicates, the fluorescence over optical density, the value F/OD600 was calculated using 

the corrected F and OD600. As for each strain there were biological triplicates, average F/OD600 and 

standard errors could be calculated. The F/OD600 is an indication of how much fluorescence per 

cell there is. As of interest there is only the fluorescence coming from sf GFP, the background 

fluorescence of the cell has to be subtracted. Therefore, from the average F/OD600 of the CSH50 

tolC-sfgfp-bla the average F/OD600 of the CSH50 WT cells is subtracted at each time point. This 

value represents the F/OD600, fluorescence per cell, or more broadly the protein production and 

is plotted against time to error bars.    

1.4.10 Microscopy and cell fixation  

Cultures from the 96 well plate were fixed using 5% of a 1 M phosphate buffer and 10% of 37 % 

formaldehyde for 30 min. The fixed samples were centrifuged at 4,000 g for 3 min and pellets 

were resuspended in an according volume PBS and stored at 4 °C. Imaging was done within 24 

hours. 

For nucleoid staining the cells were incubated with 10 μM DRAQ5 for 5 min at room temperature, 

afterwards centrifuged at 3000 rmp for 5 min and resuspended in PBS. 

For membrane staining the cells were incubated for 10 min at room temperature with 5 μg/mL 

FM4-64 dye, centrifuged at 3000 rpm for 5 min and resuspended in PBS. 

The microscopy was carried out using a confocal laser scanning microscope LSM 510 Meta. The 

images were taken using the 75x objective with oil immersion. The images were analyzed using 

the LSM 510 software, Release 3.0 (Carl Zeiss Jena GmbH), and ImageJ. sfGFP fluorescence was 

detected using excitation at 514 nm and recording the emission signal with a broad-pass filter 

ranging from 530 to 600 nm. All images to be compared were taken using the same settings. 
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1.5 Results and Discussion  

1.5.1 The constructs 

As described in the introduction, 2 different strains were generated using the method described 

by Datsenko and Wanner (Datsenko and Wanner, 2000). CSH50 ΔtolC::bla and CSH50 tolC-sfgfp-

bla were thus generated, a schematic representation of which can be seen in Figure 5. 

 

 

Figure 5: Schematic representation of the 3 strains used in the study. gDNA stands for genomic DNA. A) wilde-
type tolC genomic context. B)ΔtolC genomic context of the tolC region and C) the tolC-sfgfp context 

The correct insertions were checked by PCR performed on genomic DNA as template (gels of the 

results in Supplemental Figure 1) 

1.5.2 Functionality testing 

A wide selection of antibiotics representing functionally different groups was chosen to test the 

functionality of the superfolder GFP labeled TolC (henceforth TolC-GFP for simplicity). For the 

purpose of this study it is essential that TolC-GFP is still able to interact with AcrAB and form a 

functional extrusion pump. As can be seen in Table 3 all antibiotics (marked in yellow) for which 

TolC plays a role (as seen in the severely decreased MIC of the tolC mutant) are efficiently expelled 

via the TolC-GFP as well: the MIC for the tolC-gfp strain is similar to that of the wild type. The MICs 

were determined using the Etest strips for all antibiotics except for novobiocin where the serial 

dilution method was used. All MICs were determined in biological duplicates. 

Table 3: : Functionality test: Antibiotic resistance, E-test, concentration [μg/mL], AM (Ampicillin), OX 
(Oxacillin), PM (Cefepime), CZ (Ceftizoxime), ETP (Ertapenem), MP (Meropenem), EM (Erythromycin), CH 
(Clarithromycin), NX (Norfloxacin), EF (Enrofloxacin), LE (Levofloxacin), TR (Trimethoprim), TC 
(Tetracycline), CL (Chloramphenicol), KM (Kanamycin), LZ (Linezolid), PO (Polymyxin B), CO (Colistin), NV 
(Novobiocin).  

 CSH50 
WT 1 

CSH50 
WT 2 

CSH50 
ΔtolC 1 

CSH50 
ΔtolC 2 

CSH50 
tolC-gfp 1 

CSH50 
tolC-gfp 2 

AM 4 4 full full full full 

OX full full full full full full 

PM 0.023 0.023 0.016 0.016 0.023 0.023 

CZ 0.047 0.047 0.032 0.032 0.047 0.047 

ETP 0.016 0.016 0.016 0.016 0.016 0.016 

MP 0.064 0.064 0.064 0.064 0.064 0.064 
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EM 24 24 3 3 24 32 

CH 32 32 4 4 48 48 

NX 0.094 0.094 0.016 0.016 0.064 0.064 

EF 0.094 0.094 0.003 0.003 0.064 0.064 

LE 0.047 0.047 0.006 0.006 0.032 0.032 

TR 2 2 0.38 0.38 2 3 

TC 3 4 2 2 3 6 

CL 3 4 0.75 0.75 4 6 

KM 3 3 2 3 3 3 

LZ full full 3 4 full full 

PO 0.5 0.5 0.5 0.5 0.5 0.5 

CO 0.19 0.19 0.19 0.19 0.19 0.19 

NV 400 400 3.125 3.125 400 400 

 

Below the scans of the Etest plates corresponding to Linezolid and Erythromycin are shown for 

clarity. The inhibition ellipse is visibly larger in the case of the deletion mutant than both for WT 

and tolC-gfp. 

 

WT ∆tolC tolC-gfp 

   

   

Figure 6: Antibiotic resistance, Etest examples for Linezolid in A), C) and E), and for Erythromycin in B), D) and 
F). 

 

Colicins are bactericidal toxin proteins produced by bacteria to fend off other bacteria. They can 

interfere with RNA, DNA and cell wall synthesis as well as depolarize the inner membrane. Colicin 

E1 is a channel-forming colicin and acts by forming channels in the inner membrane and thus 
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destroying the membrane potential. Colicin E1 uses TolC as a way into the cell (Masi et al., 2007). 

Therefore, cells expressing functional TolC should be susceptible to this colicin.  

 

WT ∆tolC tolC-gfp 

   

Figure 7: Functionality test: Colicin E1 uptake, decreasing concentrations of Colicin E1 spotted on plated 
bacteria. Concentration range 333 nM to 33 pM. 

Colicin E1 in a concentration series of 333 nM, 33.3 nM, 3.33 nM, 333 pM, 33.3 pM was spotted in 

5 μL drops on the plates with evenly distributed bacteria. The result is very clear, with no 

inhibition of growth in the case of ∆tolC (perhaps a small shallow spot is visible at the highest 

concentration) and clear hollow spots that decrease in size with colicin concentration for both WT 

and tolc-gfp.   

 

As the functionality of TolC-GFP was proven with regard to 2 main functions of TolC, the next step 

is to see its membrane localization via fluorescence microscopy. WT and tolC-gfp cells were grown 

in LB up until OD600of 0.5 (exponential growth phase) and the cells were labeled with membrane-

binding dye FM4-64 prior to being formaldehyde-fixed.  

 CSH50 tolC-gfp                                A) CSH50 WT                                         B) 
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Figure 8: Membrane localization of TolC-GFP. Exponentially growing cells were imaged. E) TolC-GFP signal 
shows membrane localization and colocalizes with the membrane dye FM4-64 G). WT cells show now 
fluorescence F). 

The membrane labeling with a dye of a different color (FM4-64) has been performed to point 

unequivocally to the membrane (Figure 8 C) and D)). The signal coming from TolC-GFP does 

indeed colocalize with that of FM4-64 (Figure 8 E)) 

A recently found (Bleuel et al., 2005; Vega and Young, 2014) role of TolC shows it is also the exit 

route of enterobactin. Enterobactin is a siderophore that bacteria secrete in iron-limiting 

conditions to sequester and retrieve the metal ion. Vega and Young (Vega and Young, 2014) found 

that in E. coli lacking TolC and under iron depletion growth conditions, enterobactin is produced 

but unable to exit the cell. It therefore accumulates in the periplasm enlarging and deforming the 

cells and hindering cell growth. It therefore seemed like a good functionality test for the TolC-GFP. 

The results of Vega and Young were reproduced, with the deletion mutant showing a clear 

phenotype in M9 medium. Both WT and tolc-gfp have normal morphology showing the 

functionality of TolC-GFP. 



 
 

25 

 

 WT ∆tolC tolC-gfp 
M

9
 m

e
d

iu
m

 

   

M
9

 F
e

S
O

4
 m

e
d

iu
m

 

   

Figure 9: Enterobactin secretion: in M9 (no iron) in ∆tolC cells enterobactin accumulates in the periplasm 
deforming the cells B). 

Worth mentioning, the ∆tolC phenotype does not manifest in M9 medium plus FeSO4, when 

enterobactin production is not needed (Figure 9 E)). 

A) B) 
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C)  

 

 

Figure 10: Enterobactin secretion, growth curves in presence/absence of Iron. 

The WT-like proper functioning of TolC-GFP with regard to enterobactin secretion is also 

apparent from growth curves showing the growth in M9 medium and M9 plus iron. ∆tolC grows 

worse M9 than in M9 plus iron and reached a lower final OD600(Figure 10 B)). 

 

1.5.3 Time-resolved fluorescence measurements 

After the functionality of TolC-GFP was proven, the next goal was to monitor the production of 

TolC-GFP in time-resolved fluorescent measurements. This type of measurements is carried out 

continuously throughout the duration of the experiment (18h) and every 10 min an OD600 and a 

fluorescence measurement is taken. It is then possible to determine the Fluorescence divided by 

the Optical Density (F/OD) (corrected for with the WT), a unitless quantity that is proportional to 

the fluorescence of one cell. One could also regard this kind of data as “protein production” (as the 

fluorescence per cell is in direct relation with the number of GFP molecules in the cell and 

therefore the number of TolC molecules).   

 

In Figure 11 the OD600 and the F/OD are plotted against time. In addition, the dOD/dt is plotted as 

well. 
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Figure 11: Correlation between F/OD600 and dOD600/dt when the cells are grown in minimal medium M9 plus 
iron 

The first thing to be mentioned in Figure 11 is the fluorescence peak that is visible during growth 

in M9 FeSO4. These are conditions where the cells have minimal but sufficient nutrients and salts 

and therefore grow normal. The peak in F/OD shows that TolC production is increased as the cells 

start doubling and is maximal when cells are dividing the fastest. TolC production then decreases 

as the cells divide slower, eventually dropping to the initial level when the cells stop dividing 

entirely. As this peak was reminiscent of the shape of the first derivative of a sigmoidal curve, the 

first derivative of the OD600curve was also calculated as dOD/dt. Indeed when plotted together, 

as in Figure 11, the similarity is apparent. Just to see how similar the two curves are, the Pearson 

correlation was calculated between the values of the F/OD and dOD/dt. The correlation was found 

to be 0.92228, a high value indicating almost perfect coupling. This coupling of TolC production 

to the rate of growth indicates the very important role TolC has in cell division. An important role 

in cell division has been largely speculated on with regard to TolC, but what exactly that role is 

remains elusive. 

 

Since TolC is important for enterobactin secretion under conditions of iron deprivation (Figure 2 

and Figure 9), in parallel to cells grown in M9 plus iron, the cells were also grown in M9 alone. 

The growth curves and the respective F/OD are plotted in Figure 12 against time. 
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Figure 12: Time-resolved TolC production as followed by GFP F/OD. Lack of iron induces TolC production. 

 

As it can be seen, although the growth in M9 is poorer than that in M9 plus iron, the TolC 

production (measured as F/OD) is increased, with a final value of around 2.5 times greater. This 

would make sense since TolC is needed for enterobactin secretion. Bleuel et al. (Bleuel et al., 2005) 

checked for mRNA levels of TolC with and without iron and found no difference between the 

conditions, concluding that although TolC is needed for enterobactin export, it is not upregulated 

by a lack of iron. However, they harvested the cells used for mRNA extraction during the 

logarithmic growth phase only, where, according to Figure 12 there is not much difference in 

F/OD between the two conditions. 

 

As a confirmation for the findings from the time-resolved fluorescence measurement, cells were 

also investigated with microscopy. Cells grown in the same conditions, in the fluorimeter, in a 96-

well plate, were taken out at the end of the growth (18h) and fixed for imaging. Three biological 

replicates were taken for certainty. 

 

 

 

 CSH50 tolC-gfp M9 18h                 A) CSH50 WT M9 FeSO4 18h            B) 
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Figure 13: Microscopy of M9/M9Fe grown tolC-gfp cells. Lack of iron C) increases the production TolC as cells 
are more fluorescent than E). 

As it can be seen the cells grown in absence of iron are indeed more fluorescence than those grown 

with (Figure 13). For the other 2 biological replicates see Supplemental Figure 2. The difference 

in fluorescence is visible, but the flurescence levels are low – this is due to the fact the fluorescent 

label is coupled to a gene, chromosomally. It is therefore in single-copy and under a native 

promoter, leading to physiological levels of expression, rather low for excellent confocal imaging. 

While scanning the microscopy slide for cells and focus plane, care had to be taken not to bleach 

the fluorophore. 

 

1.5.4 Western Blot 

In order to further validate the fluorescence and microscopy results, western blot was carried out 

with cells grown in the same conditions and coming from the same plate. The experiment was 

done in biological triplicates. After the cells were disrupted and the protein extracts quantified, 5 

μg protein of each sample was loaded on a gel and blotted. TolC-GFP was detected with an anti-

GFP antibody. As can be seen in Figure 14 A) the fusion protein runs around the 80 kDa marker 

band (marked with X on the blot). TolC is reported to have a molecular weight of 51.5 kDa 

(Koronakis et al., 1997) and GFP 27, together 78.5 kDa. In order not to saturate the signal and to 

make the differences in protein amount between the 2 growth conditions visible, a very diluted 

(1:1000000) primary anti-GFP antibody had to be used. Hence the faint bands in Figure 14. 
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A) 

 

B) 

 

Figure 14: Western Blot of TolC-GFP and beta prime. A) raw data B) analyzed data 

To correct for loading errors, a different protein β’ (beta prime RNAP subunit) with stable 

expression was taken as a normalizer. The blots are shown in Figure 14 A), the fusion protein 

TolC-GFP can be seen around the expected size. The bands were quantified and for each sample 

the ratio of signal from TolC-GFP to that of β’ in that sample was calculated. This ratio represents 

the amount of TolC-GFP in that sample. In Figure 14 B) a ratio of the value obtained for cells grown 

in M9 to those grown in M9Fe is shown. Also by Western Blot the cells grown in M9 are shown to 

have more (1.34 times) more TolC-GFP than those grown in presence of iron.  

 

1.5.5 Real Time RT PCR 

Finally, after all previous experiments showed that there is a difference in TolC-GFP levels based 

on whether the cells are grown in presence of iron or not, quantitative real time RT PCR was 

carried out to elucidate if the tolC transcript levels are corresponding to those of the 

protein/fluorescence. In addition Bleuel et al. (Bleuel et al., 2005) found no difference in transcript 

levels, but they only examined cells in the logarithmic growth phase. They concluded that TolC 

production is not affected by presence/absence of iron. 
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A) B) 

 
 

Figure 15: Q-RT PCR of tolC mRNA in M9/M9Fe (normalized to rrsA mRNA). A) log2 plots of the M9/M9Fe ratios 
and B) normalized transcript levels in M9 and M9Fe. 

The cells were grown identically to the previous experiments, in plates, in the fluorimeter. But in 

addition to taking the cells only at the end of the 18h, for this experiment samples were also taken 

after approximatively 10h of growth, corresponding to the beginning of the drop of the 

physiological TolC peak (Figure 12). This was done to offer a clearer picture as to how these mRNA 

levels fluctuate. Three biological replicates were considered, and the RT PCR reaction was also 

performed in technical duplicates for each sample. The PCR quantitated the tolC-gfp mRNA by 

amplifying 100bp from the beginning of the gene (tolC). rrsA was quantitated in addition to serve 

as an internal normalizer (the amplification plots for the tolC-gfp transcript can be found in 

Supplemental Figure 3, each curve represents the average of 2 technical replicates). rrsA is the 

gene coding for the 16S RNA ribosomal subunit, and is considered suitable normalizer of gene 

expression (Bleuel et al., 2005). For each sample then the ratio of tolC-gfp transcript to that of rrsA 

transcript is calculated. In Figure 15 A) the results are reported as ratios between M9 and M9Fe. 

The results are plotted on a log2 scale, such that 0 means no difference, and -1 twice as little, -2 

four times as little.  

 

As it can be seen in Figure 15 A), the mRNA levels of tolC-gfp are exactly the same at the end of 

18h in both M9 and M9 plus iron. Even more interestingly, after 10h of growth, there seems to be 

more tolC-gfp transcript in the cells grown in M9 plus FeSO4 (about 3 times more), although the 

fluorescence in those cells is declining at that moment (Figure 12), and the fluorescence in the 

M9-grown sample is higher. Figure 15 B) shows the absolute levels of tolC-gfp/rrsA transcript 

ratios in the four samples, for comparison. This finding hints to the fact that the tolC mRNA is 

utilized differently in the 2 conditions.  
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The construct generated in this work shows therefore its usefulness as via fluorescence one can 

derive information about the protein level directly.   

 

What is in accordance between the time-resolved fluorescence data and the RT PCR data is that 

for both conditions the tolC-gfp mRNA levels drop from the 10th hour to the 18th hour, as drops 

the fluorescence. The fluorescence only drops a little in the case of M9, but still drops. The drop in 

mRNA is to the same level between the 2 conditions, but the fluorescence levels are largely 

different at the end of the growth (=protein amounts).  

 

To reiterate, Bleuel et al. (Bleuel et al., 2005) found that mRNA of tolC does not differ between 

cells grown in M9 or M9 plus iron, but they only considered logarithmic cells. However, via time-

resolved fluorescence, microscopy and western blot, the present study showed that there is 

indeed a difference which becomes very noticeable in the later growth phases, there being more 

TolC-GFP in absence of iron. 

 

1.5.6 Antibiotic response 

Having proved the functionality of TolC-GFP and the usefulness of time-resolved fluorescence 

measurements, the question asked next is whether TolC levels change as a function of antibiotic 

exposure and weather the described system can catch that change. Time-resolved fluorescence 

measurements were therefore carried out in presence of various antibiotics. The antibiotics for 

these experiments were picked based on the results shown in Table 3. Antibiotics for which TolC 

plays no role (same MIC in the case of WT and tolC--gfp as in the case of ∆tolC) and antibiotics for 

the extrusion of which TolC is essential (lower MIC for ∆tolC than for WT and tolC-gfp) were 

considered. 

 

Based on the response the strain had to the chosen antibiotics, the antibiotics can be divided in 

the 3 classes (error bars were omitted hence-forth to simplify the figures and allow for 

comparisons): 

 

1. NO MIC difference between CSH50 WT and ΔtolC and no TolC response. 

This is the case for tetracycline and kanamycin. Three concentrations of each were tried out. As it 

can be seen for both antibiotics and both growth conditions, with and without iron, the 

fluorescence peak/curve looks identical between no antibiotic treatment and the treatments. The 

only difference being a shift in time corresponding to the delay in growth induced by the noxious 
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activity of the sub-lethal antibiotic concentrations. Most clear, this effect is seen when cells grown 

in M9Fe are treated with tetracycline (Figure 16 A)) 

A) B) 

  

C) D) 

 
 

Figure 16: Time-resolved TolC production as followed by GFP F/OD in presence of antibiotics. A) and B) in 
presence of Tetracycline. C) and D) in presence of Kanamycin. A) and C) cells were grown in M9Fe. B) and D) 
cells were grown in M9.  

 

2.  MIC difference between CSH50 WT and ΔtolC and no TolC response. 

This is the case for chloramphenicol, trimethoprim and linezolid. Although there is a generous 

difference in their MICs between the deletion mutant and the WT and tolC-gfp: 3-4 to 0.75 μg/mL 

in the case of chloramphenicol, 2 to 0.38 μg/mL in the case of trimethoprim and >256 to 3/4 

μg/mL (Figure 6, A) and C)), there is no effect on the TolC production as evidenced by the time-

resolved fluorescence experiments. The only effect is, like for tetracycline and kanamycin, a delay 

of the fluorescence pattern/peak that corresponds to the delay brought about by the activity of 

the antibiotic. 
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A) B) 

 
 

C)  D) 

  

E) F) 

 
 

Figure 17: Time-resolved TolC production as followed by GFP F/OD in presence of antibiotics. A) and B) in 
presence of Chloramphenicol. C) and D) in presence of Trimethoprim. E) and F) in presence of Linezolid. A), C) 
and E) cells were grown in M9Fe. B), D) and F) cells were grown in M9.  
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3.  MIC difference between CSH50 WT and ΔtolC and a concentration-dependent TolC 

response. 

This is the case for Erythromycin, Clarythromycin and Novobiocin. The effect of these antibiotics 

on TolC-GFP response is not only a delay of the fluorescence pattern in time, coupled to a delayed 

growth as a consequence of the antibiotic treatment. But also a concentration-dependent increase 

in the fluorescence peak (in the case of cells grown in M9Fe) and final level of fluorescence (in the 

case of cells grown in M9). In M9, during the 18 hours of the growth, the bacteria do not reach 

stationary phase, therefore the F/OD is still high/peaking, but the beginning of a decrease is 

observable. Should the cells in M9 be allowed to grow for longer, the drop in fluorescence would 

most probably continue.  

 

These concentrations-dependent increases in fluorescence/TolC production are remarkable and 

show an unprecedented result. The respective antibiotics are “sensed” by the E. coli which 

increases the production of TolC, involved in their excretion. The increase in the fluorescence peak 

for cells grown in M9Fe is about 2.5 fold for all 3 antibiotics, and under conditions of iron 

limitations the increase is about 3/3.5 fold, these extra TolC aiding the bacterium. 

A) B) 

  

C) D) 
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E) F) 

  

Figure 18: Time-resolved TolC production as followed by GFP F/OD in presence of antibiotics. A) and B) in 
presence of Erythromycin. C) and D) in presence of Clarithromycin. E) and F) in presence of Novobiocin. A), C) 
and E) cells were grown in M9Fe. B), D) and F) cells were grown in M9.  

1.5.7 Antibiotic response – Microscopy 

As a verification of the main finding, namely that Erythromycin, Clarithromycin and Novobiocin 

induce a concentration-dependent increase in TolC levels as judged by GFP fluorescence/OD, cells 

were grown in M9, M9 plus iron respectively, with the highest antibiotic concentrations that 

elicited the response but still allowed the cells to grow. The results were reproducible, and all 3 

antibiotics led to a quantitative increase in fluorescence (Figure 19) 
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A) B) 

  

Figure 19: Bacteria grown in M9/M9Fe with Erhythromycin (3 μg/mL), Clarithromycin (3 μg/mL) and 
Novobiocin (100 μg/mL). A) shows growth in M9Fe and B) in M9. 

In the above graphs, the F/OD values in the beginning of the growth fluctuate largely, presumably 

because of very low inoculation optical densities that leads to an inaccurate and inconsistent 

fluorescence read. When cells accumulate, their fluorescent signal is more robust and can be read 

consistently. However, such a noisy F/OD trace was not the case most times experiments of this 

sort were performed.  

 

To be noted is that the F/OD scale is not the same for cells grown M9Fe (39000 a.u.) and M9 

(59900 a.u.). The absence of iron is again leading to higher TolC levels. The cells were harvested 

directly after the 18h-growth period from the plate, and fixed microscopy. The induction of the 

antibiotics was checked, as well as the influence on iron. A general remark to reiterate (as for 

Figure 13) is that low levels of physiological expression make the GFP fusion protein hard to image 

accurately due to the higher laser intensity that is used, which leads to rapid bleaching. This 

becomes less of a problem when the cells are expressing TolC-GFP at higher levels, and the signal 

is more robust. The highest level of F/OD after the 18h as judged by Figure 19, is achieved under 

Clarithromycin treatment with around 50000 a.u. in M9 and 20000 a.u. in M9Fe. Imaged cells from 

this condition are shown below in Figure 20. Two of the three colonies used in the experiment 

were imaged. For each colony and condition 2 view fields were taken for checking the consistency 

of the signal throughout the microscopy slide. Imaged cells from all other treatments, and both 

colonies are found in the Appendix (Supplemental Figure 5 to Supplemental Figure 11) 
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Figure 20: Cells from Colony 1 grown in the presence of Clarythromycin (3 μg/mL). A), B), C) and D) in M9. E), 
F), G) and H) in M9Fe.   
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It is clear the that the fluorescence is increased as compared to the no treatment control 

(Supplemental Figure 5), and that the lack of iron brings TolC levels even higher (Figure 20 A), C) 

compared to E), G)). As noticed from F/OD graphs, the fluorescence starts to decrease and is not 

the highest at the end of the growth. Microscopy images of all other antibiotic treatments largely 

match the F/OD levels in both imaged colonies: Erythromycin and Clarithromycin elicit a strong 

response and Novobiocin a lower one (Supplemental Figure 5 to Supplemental Figure 11) – at the 

end of the 18h that is. Optimally, microscopy should be done with cells harvested in the middle of 

their logarithmic growth, when they are dividing the fastest. For that, the different 

treatments/conditions should be done separately as the growth curves are offset one from 

another. Microscopy is a good way of checking for changes in fluorescence, but due to reasons 

mentioned above is not ideal. In this sense, the time-resolved fluorescence measurements are 

more accurate as they are ensemble measurements. In this case, the summed fluorescence of 106-

108 cells is measured collectively and the differences between conditions, and variations in time 

are much more quantitative, reproducible and robust. 

 

1.6 Conclusion  

Using superfolder GFP, a GFP derivative recently shown to fold and fluoresce when exported to 

the bacterial periplasm (Aronson et al., 2011; Pédelacq et al., 2006), a TolC construct was 

genomically engineered. The construct is a translational fusion of tolC and sfgfp, inserted in the 

tolC native locus, thus being under all the regulatory elements the wild type protein would be. 

This TolC-GFP fusion protein was shown to be functional with regard to a number of functions 

that TolC normally carries. It was shown to be as effective as the wild type protein in participating 

in the efflux of a variety of antibiotics (Table 3). Colicin E1 is a toxin that utilizes TolC to enter the 

cell and form channels in its inner membrane, leading to the cell’s death. Cells expressing tolc-gfp 

were as susceptible to Colicin E1 as WT cells (Figure 7). Last but not least, TolC was shown to be 

the exit path for the siderophore enterobactin (Bleuel et al., 2005; Vega and Young, 2014), and the 

tolC-gfp strain was fully capable of doing that judging by the cells morphology (Figure 9) or growth 

curves in absence and presence of iron (Figure 10). 

Taken together these results show that the fluorescent TolC-GFP is functional under all aspects 

tested. Since there is a scarcity of in vivo outer membrane protein studies in the literature, and 

since TolC is such an important outer membrane protein itself, this strain will offer unique insights 

into TolC physiology.  

 

In the present work, by studying the time-resolved fluorescence per OD600 during the bacterial 

growth cycle, several new insights surfaced:  
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Firstly, when cells are growing under minimal but sufficient conditions (M9 plus FeSO4) TolC 

production (as seen by GFP fluorescence) is strongly coupled to the growth of the cells. The faster 

the cells grow, the more TolC they produce, and conversely when they slow down, TolC 

production decreases as well (Figure 12). This coupling was evidenced by a correlation factor of 

~0.92 between the F/OD600 signal and the derivative of the growth curve. This fact indicates that 

TolC is important for cell division and/or growth-coupled bacterial physiology.  

 

With regard to cell division, Hiraga et al. (Hiraga et al., 1989) found that the tolC deletion leads to 

the production of anucleated cells. Furthermore, ther AcrEF-TolC was found to play a crucial role 

in cell division, mutations leading to severe defects (Lau and Zgurskaya, 2005). 

 

Physiologically, TolC seems to play an important role as well: cAMP binds to the CRP protein 

(cAMP receptor protein) which in turn starts activating catabolic genes and repressing anabolism. 

cAMP must therefore be extruded efficiently during fast growth, and TolC is responsible for that 

(Hantke et al., 2011). In addition TolC has been found to be required in porphyrins efflux (Tatsumi 

and Wachi, 2008). Porphyrins are very useful molecules required in the electron transfer chain 

and absolutely required when cells are growing fast, but when found in too high concentrations 

they can cause oxidative stress with mutagenic effects (Tatsumi and Wachi, 2008). The amino acid 

Cystein, required for growth, is as well toxic when in high amounts because of the high reactivity 

of its thiol group (Ohtsu et al., 2010), and not surprisingly is being effluxed by TolC 

(Wiriyathanawudhiwong et al., 2009).  

 

Secondly, there is big difference in TolC production under conditions of iron limitations. TolC 

levels, as seen by fluorescence over OD600, are maintained high until the end of the 18h, and do not 

decrease as much as in case of cells grown in the presence of iron. This finding was verified by 

microscopy (Figure 13) and western blots (Figure 14). However, the mRNA levels of tolC-gfp are 

the same as seen by quantitative real time RT PCR (Figure 15). So, although the mRNA levels are 

the same, the protein levels differ. This fact points to a different utilization of the mRNA as a 

function of iron presence/absence. A non-linear relationship between mRNA levels and protein 

levels is also seen by looking at the mRNA after only 10h growth (Figure 15) when there is more 

mRNA in the M9Fe sample, but the fluorescence is reversed. Since the tolC gene has 4 known 

regulators as seen Figure 21 it is natural that its transcription is regulated in a complex manner.  

 

The ferric uptake regulator is a general repressor of gene expression. It represses many genes, 

especially those involved in enterobactin production and secretion. When it is bound to iron it 
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exerts it repressor function by binding to the DNA in the promoter region of the target gene, and 

when iron levels drop, it dissociates from iron, undergoes a conformational change and 

derepresses the target gene (Porcheron and Dozois, 2015). One of the primary targets of Fur 

repression is a noncoding RNA called RyhB. RyhB in turn regulates many other genes. One of the 

genes that RyhB is repressing is marA, one of the 4 tolC activators (Urban and Vogel, 2007; Wright 

et al., 2013). This could explain why after 10h of growth there is more transcript in the M9Fe 

sample than in the M9 one. Because, if at stage in growth MarA is the main regulator of TolC, then 

marA will get repressed by RyhB (which in turn will have been derepressed by Fur due to iron 

limitations).   

 

Parker and Gottesman (Parker and Gottesman, 2016) found that there is a small regulatory RNA 

called SdsR which represses tolC expression by binding in its 5’ untranslated region. Interestingly 

SdsR is produced physiologically in stationary phase. This could explain why TolC levels go down 

in stationary phase in cells grown in the presence of iron. They also found that over-expression of 

sdsR is leading to increased susceptibility to Novobiocin. Therefore, SdsR is a good candidate for 

being responsible for some of the effects described in this study.  

 

Thirdly, several antibiotics in the efflux of which TolC is required, as evidenced by much lower 

MIC values for the ∆tolC strain, are triggering a dose-dependent increase in the production of 

TolC-GFP. Erythromycin, clarithromycin and novobiocin are doing that (Figure 18). This result is 

remarkable because it means that the cell possesses a mechanism(s) that sense these antibiotics 

and consequently upregulate TolC production (and potentially other multidrug associated 

proteins) to help extrude the antibiotics. tolC has 4 known regulators, MarA, Rob, SoxS, and PhoP 

(Figure 21), none of which is known to respond to antibiotics in general, especially these 3. 

However, this finding is not valid for all antibiotics for which TolC plays a role. For example, 

chloramphenicol, trimethoprim and linezolid are not eliciting such a response (Figure 17) 

although the MIC of the ∆tolC is substantially diminished (Table 3). This gives even more validity 

to the finding that some antibiotics modulate TolC production, as it points to a certain specificity 

of the mechanism involved. 

 

1.6.1 Outlook 

In order to elucidate the mechanism through which erythromycin, clarithromycin and novobiocin 

increase TolC production 2 types of studies will be carried out. Firstly, all knows regulators of tolC, 

namely Rob, SoxS, MarA and PhoP (Figure 21) will be deleted one by one from the CSH50 tolC-gfp 

strain. The time-resolved fluorescence measurements will be repeated and the ability of the 
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respective antibiotics to still increase TolC production or not, will make it clear if the respective 

regulator was responsible for the response or not. Secondly, the promoter of tolC will be 

genomically truncated to lose consecutively promoters 1 to 4 and the regulator binding sites. This 

will complement the deletion of the regulators and should mirror the findings if the regulators are 

involved. Alternatively, since it could be that the mRNA is simply processed or modulated 

differently, the mRNA itself might responsible for the changed translation, either directly by 

interacting with enterobactin/antibiotics or via intermediaries. By truncating the promoter 

region, the 5’ untranslated region will also be truncated, and if it played a role in the regulation it 

will be seen in the time-resolved fluorescence measurements. As sdsR was shown to be a regulator 

of tolC (Parker and Gottesman, 2016), it will also be deleted from the tolC-gfp strain to see its effect 

on TolC production in presence/absence of iron but most importantly, of antibiotics. 

 

 

Figure 21: Genomic context showing the promoters and regulator binding sites of tolC. Retrieved from 
EcoCyc.org (Keseler et al., 2013). tolC gene is in purple, bent arrows pointing to the left are representing the 
promoters, and the green boxes are representing the positive regulators of gene expression Rob, MarA, SoxS, 
PhoP. 

 

A second type of study that will be performed will be microscopy on antibiotics-treated tolC-gfp 

cells. The reason for that is that for efficient efflux out of the cell the respective pumps might adopt 

certain arrangements. Also, the effect of the antibiotic itself might lead to a change in TolC 

disposition. A preliminary such study could be seen in Supplemental Figure 4 where WT and tolC-
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gfp have been grown to an OD600 of 0.5 in LB medium (contains iron) and then treated with the 

sub-lethal novobiocin concentration of 50 μg/mL. The cells are shown 3.5h and 18h after the 

addition of the antibiotic. Not only do the cells become more fluorescence over time, but a 

localization pattern with the fluorescence concentrating at either 1 or both cell poles become 

apparent. The nucleoid was stained with DRAQ5 for better orientation. These preliminary results 

are promising and raise the question whether other antibiotics will induce a differential 

localization and how that connects to the phenomenon of multidrug resistance.  
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1.8 Appendix  

 

A) B) 

  

Supplemental Figure 1: PCR check of the generated strains, with genomic DNA as template. Λ Phage DNA 
digested with PstI was used as the marker (M). A) tolC amplification in WT and ΔtolC: product size 1482 bp.  
B)amplification of the tolC-sfgfp junction in 5 colonies (1 to 5) and WT: product size 534 bp. 
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Supplemental Figure 2: Microscopy of M9/M9Fe grown tolC-gfp cells. Lack of iron C), G) increases the 
production TolC as cells are more fluorescent than D),H). WT control K), L). 
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A) 

 

B) 

 

Supplemental Figure 3: Amplification plot from the qRT PCR. A) samples after 18h growth, 3 curves for M9, 3 
for M9Fe and B)samples after 10h growth, red arrow showing the 3 samples grown in M9Fe and the black arrow 
showing the 3 samples grown in M9. Each amplification curve represents the average of 2 technical replicates.  
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Supplemental Figure 4: Microscopy of a time-course tolC-gfp under Novobiocin treatment. A), D), G), J) before 
treatment. B), E), H), K) 3.5h after 50 μg/mL Novo addition. C), F), I), L) 18h after 50 μg/mL Novo addition 
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Supplemental Figure 5: Cells from Colony 1 grown without antibiotics. A), B), C) and D) in M9. E), F), G) and H) 
in M9Fe.  
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Supplemental Figure 6: Cells from Colony 1 grown in the presence of Erythromycin (3 μg/mL). A), B), C) and D) 
in M9. E), F), G) and H) in M9Fe.   
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Supplemental Figure 7: Cells from Colony 1 grown in the presence of Novobiocin (100 μg/mL). A), B), C) and D) 
in M9. E), F), G) and H) in M9Fe.   
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Supplemental Figure 8: Cells from Colony 2 grown without antibiotics. A), B), C) and D) in M9. E), F), G) and H) 
in M9Fe.   
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Supplemental Figure 9: Cells from Colony 2 grown in the presence of Erythromycin (3 μg/mL). A), B), C) and D) 
in M9. E), F), G) and H) in M9Fe.   
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Supplemental Figure 10: Cells from Colony 2 grown in the presence of Clarythromycin (3 μg/mL). A), B), C) and 
D) in M9. E), F), G) and H) in M9Fe.   
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Supplemental Figure 11: Cells from Colony 1 grown in the presence of Novobiocin (100 μg/mL). A), B), C) and 
D) in M9. E), F), G) and H) in M9Fe.   
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