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Abstract 

In living organisms, the spatial organization of genetic information encoded in the 

molecule of deoxyribonucleic acid (DNA) requires the right balance between the physical 

properties of the molecule and the biological needs of the cell.  DNA is an extremely long 

polymer when compared to the size of the cell and therefore it requires a high degree of 

compaction to be contained within the cell envelope.  However, the compaction of DNA is 

at odds with its biological role as various classes of enzymes must have access to 

information for the development of vital processes. 

In cells, a regulatory system is thus established that extends from the nanoscopic 

dimension of the molecules that mediate biological processes at DNA level, to the 

microscopic dimension of cellular organelles. 

During my doctorate, I studied the spatial organization of DNA at both molecular and 

cellular levels. In particular, I have dealt with two transcriptional factors of Helicobacter 

pylori, HpFur and HpNikR, which modulate the architecture and the degree of compaction 

of DNA by facilitating or hindering the accessibility of RNA polymerase to the arsR gene 

promoter sequence. The data collected have allowed us to develop a molecular model in 

which, in the presence of HpFur iron, it is able to multimerize and induce a compaction of 

the entire promoter sequence, thus preventing the binding of RNA polymerase to DNA. In 

the absence of iron, however, HpFur changes its quaternary structure and binds a 

sequence upstream of the promoter, allowing the binding of RNA polymerase to the 

promoter. The transcription factor HpNikR is only able to bind DNA in the presence of 

nickel and is able to limit the propagation of promoter compaction, mediated by HpFur in 

the presence of iron. This control circuit allows Helicobacter pylori to finely control the 

synthesis of HpArsR depending on the availability of metal cofactors. 

During my PhD I also investigated the three-dimensional organization of the whole 

genome of the model organism Escherichia coli. With different number of studies in 

literature, my study focuses on the analysis of the mechanical properties of the entire 

genome of the bacterium without proceeding to the lysis of the cell wall, thus disturbing 

the physiological environment in which the nucleoid is organized. 



 
 

Escherichia coli cells have been visualized in different growth stages, after several drying 

procedures or by subjecting the cells to specific intercalating molecules through a 

combined AFM-FM procedure. The data obtained have allowed us to correlate 

morphological changes in cells with the state of the nucleoid organized inside them.  

The same imaging procedure was also used in the characterization of E. coli membrane 

and nucleoid rearrangements following the expression of a small hydrophobic peptide 

(Lpt) belonging to the toxin-antitoxin type I system of Lactobacillus rhamnosus. The 

expression of toxin causes a significant general morphological refraction of the cell, which 

manifests itself through the formation of hole-like structures on the membrane and the 

compaction of the bacterial nucleoid. The data collected have demonstrated the toxic 

nature of peptide, highlighting its tendency to damage the structural integrity of the 

membrane.   
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General introduction 

Recording information on a storage medium has been one of the major breakthrough of 

human being and the development of high capacity storage media, from paper to silicon 

chip, has been a human challenge. 

Evolution over its million years of selecting pressure has “elected” the Deoxyribonucleic 

acid (DNA) as an ideal supporting medium for storing the information of life processes. 

DNA is a very stable molecule in cold, dry and dark conditions and can store huge amount 

of information in a very little weight. George Church, Sri Kosuri, and colleagues encoded a 

52,000-word book in thousands of snippets of DNA. Their particular encoding scheme  

could store 1.28 million gigabytes per gram of DNA. 

DNA is an organic polymer consisting of two polynucleotide chains wound on one another 

in the double helical structure. A nucleotide consists of  a phosphate group, a 2'-

deoxyribose and one of the four nitrogenous bases adenine, guanine, cytosine and 

thymine that bind the deoxyribose with a N-glycosidic bond. 

The nucleotides are linked together in polynucleotide chains by means of a 

phosphodiester linkage between the 3’ hydroxyl group of one nucleotide and the 5’ 

phosphate group of the another nucleotide. The phosphodiester linkage forms a 

repetitive sugar-phosphate scaffold which is a constant structural feature of DNA, while 

the sequence of the nitrogen bases along the chain encodes the genetic information. 

Of the three possible helix conformations, A-DNA, B-DNA and Z-DNA, the B form is 

believed to predominates in cells. The B-helix is 23.7 Å wide and extends 34 Å per 10 bp 

of sequence and makes one complete turn about its axis every 10.4-10.5 base pairs. 

Although these topological dimensions could appear very small, it has to be considered 

that a complete genome reaches dimensions in the range of millions base pairs in 

bacteria and billions base pairs in high order organisms. Thus, given the small dimensions 

of the cell envelope, the DNA need to be organized into highly compacted structures. For 
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instance, the  bacteriophage T7 genome is 4x104 bp long with a physical length of 14 μm 

and an unconstrained volume of about 2 μm3. This DNA is packed into a capsid of only 

9x10-5 μm3, with an overall DNA compaction of about 22000-fold . Within the capsid DNA 

is so concentrated that it reaches a hexagonal crystalline phase 1. Such an high DNA 

concentration is not in contrast with the processes of life because much of virus 

biogenesis (DNA replication, transcription, capsid assembly etc.) occurs outside the capsid 

exploiting the biochemical machinery of the bacterial host, thus making the capsid fully 

available for the DNA storage. Likewise, the 5 Mbp genome of an Escherichia coli cell is 

about 1.5 mm long with an unconstrained volume of 200 μm3 2. It is contained in an 

envelope  of about 1 μm3, of which about one half is occupied by DNA 3, thus resulting in 

a DNA compaction of at least 400-fold. Bacteria achieve such a high degree of DNA 

compaction by supercoiling the DNA by mean of proteins (NAP) which pack the DNA into 

a compact structure called nucleoid. DNA compaction is a carefully regulated process 

since the compaction of the nucleoid is in contrast with DNA metabolism and gene 

expression.  

In the introductory chapter, I review current knowledge of the mechanisms through 

which the long genomic DNA molecule can be compacted and folded into a highly 

dynamic nucleoid structure that fulfills the requirements  for accomplishing crucial vital 

processes. 

Then I describe  the work published in the article "Metal-responsive promoter DNA 

compaction by the ferric uptake regulator”. This work was done in collaboration with 

Prof. Danielli (University of Bologna), it was possible to analyze how the binding of two 

proteins to DNA is able to modulate the spatial organization of the transcription 

promoting sequence.. Atomic Force Microscopy was employed to collect high resolution 

images of nucleoprotein complexes. Variation of the DNA contour length  and volumetric 

analysis of DNA-protein complexes has led to the determination of both the oligomeric  

state and binding stoichiometry of the bound protein. A molecular model describing the 
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interaction of the two transcriptional factors with the promoter and their role in gene 

expression control was proposed. 

Finally, I describe the development and the use of a combined atomic force  and 

fluorescence microscopy approach to investigate the E. coli nucleoid conformation under 

different growth conditions. By means of this technique, I was able to characterized the 

shape of the bacterial nucleoid at different resolutions. The procedure was also applied to 

study the nucleoid compaction and membrane damage caused by the expression of a 

small hydrophobic peptide belonging to a type I toxin-antitoxin system of Lactobacillus 

rhamnosus.   
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Physical forces compacting the nucleoid: Supercoiling 

DNA is a flexible molecule and the structural parameters that characterize it depend on 

the ionic conditions of the environment and on the nature of the proteins that bind to it . 

Bacteria reduce the volume of the genome exploiting the torsional constrain of 

topologically closed DNA known as DNA supercoiling. Bacteria have many enzymes 

capable of changing the topology of DNA in order to accumulate supercoiling . The 

Escherichia coli genome is circular covalently closed molecule (cccDNA) and its topology 

can be quantitatively described by the linking number (Lk) that is the sum of the number 

of times the helix winds around its central axis (called twist, Tw) and the number of times 

the helix crosses itself (called writhe Wr).  

The difference between the linking number of the supercoiled state (Lk)   and the relaxed 

state (Lk0) is defined Lk. Lk is positive for positively supercoiled DNA, negative for  

negatively supercoiled DNA. 

Since Lk depends on the length of the DNA it is sometimes useful to define the DNA 

supercoiling in terms of superhelical density ( = Lk/Lk0).The E. coli genome has a  = -

0.06 4. The biological meaning of a negative  value lies in the fact that negatively 

supercoiled DNA  can assist biological processes, such as transcription and replication, 

that require the separation of the two DNA strands.  

The superhelical density of chromosomal DNA must be within ±20%  the normal  value 

for cell growth 5. Hypo-supercoiling causes segregation problems 6,7 and leads to poor 

chromosome function that can be  toxic or lethal 8 . Hyper-supercoiling promotes the 

formation of Z-DNA at positions with long alternating GC or AT base pairs, causing the 

extrusion of cruciforms at inverted repeats and stabilizing other unusual structures such 

as inter- and intra-molecular DNA triplex helix  and R-loops 9. 

The supercoil density can occur in two forms: diffusible supercoil density (σD) that moves 

freely around the chromosome in 10 kb domains, and constrained supercoil density (σC) 
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resulting  from the binding nucleoid associated proteins (NAPs) that bend, loop, or 

unwind DNA at many sites.  

Topoisomerases are proteins capable of changing  the DNA supercoiling: Type I 

topoisomerases relax (−) supercoils, and DNA gyrase on the contrary is the only 

topoisomerase that can increase the (−) supercoiling of relaxed plasmids. 

The homeostatic supercoil control mechanism was proposed by Menzel and Gellert and 

postulates that when DNA becomes hyper-supercoiled, the Topo I promoter is activated 

to recruit RNAP and increase the relaxing potential by synthetizing more cellular Topo I. 

When DNA becomes relaxed, gyrA and gyrB promoters are activated to produce gyrase in 

order to increase negative supercoiling. The homeostatic supercoil control mechanism is 

not the only factor controlling the levels of DNA supercoiling, in fact, a 10% increase or 

decrease in the expression levels of gyrase or Topo I only results in a 1.5% change in 

supercoiling density 10. 

Gene transcription per se can vary the degree of DNA supercoiling. Liu and Wang 

proposed the twin domain model 11, by which, in bacteria, as transcription and translation 

are coupled to DNA, large biological complexes are formed consisting of RNA polymerase 

molecules, mRNA and translating ribosomes that would require the template DNA to 

rotate along its axis rather than the RNA polymerase rotating around the double helix. 

The model predicts domains of negative supercoiling being generated behind the 

transcription/translation machinery and positive supercoiling accumulating downstream 

of the machinery. This model, which was demonstrated for rrnG operon of Salmonella 

enterica 12, underlines the large impact of transcription on supercoiling since highly 

transcribed genes, as the rRNA operons, can carry up to 50 RNAP creating  a huge 

torsional stress that could stop supercoil diffusion. For these reasons, RNAP can be 

considered  as a chromosome domain boundary maker 10.  

Diffusible supercoiling (σD) causes DNA to collapse into a tightly interwound plectonemic 

structure, which represents the first level of a DNA condensation that permit to a 4.6 
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Mbp chromosome to fit into the small space available in a bacterial cell 10. This 

plectonemic structure has been visualized by means of EM by Prof. Kavenoff (Figure2)13. 

This plectonemic structure is organized into topological domains that are insulated from 

their immediate neighbors and are on average 10 kb in length and, more importantly, 

their boundaries are dynamic14 .  

Recent experiments with 45.7Kbp cosmid, revealed that, in the presence of attractive 

DNA−DNA interacOons, plectonemes were packed into a single higher-order filament 

called hyperplectoneme15 (Figure 2). 

 

 

 

Figure 2. EM image of isolated nucleoid f E. coli  
13

(left panel). Hyperplectonemes folding of a 45,7 Mbp cosmid 
15

. 

 

In addition to its functional rule in DNA packaging super helical density is a parameter 

that reflect metabolic state of the cell: the ATP-dependent DNA-supercoiling activity of 

DNA gyrase ensure that when ATP/ADP concentration drops due to nutrient starvation or 

stress, the superhelical density will decrease. A decrease in superelical density is a key 
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feature enhancing transcription of RNAP38 dependent gene leading to adaptation to 

stress conditions 16. 
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Physical forces compacting the nucleoid: Macromolecular Crowding  

The term “macromolecular crowding” refers to non-specific effects caused by high 

concentrations of background macromolecules in cells. 

The interior of E. coli can be considered crowded because, besides DNA, proteins and RNA 

are present in concentrations of 300-400 gL-1. 

In order to understand the role of macromolecular crowning on chromosome folding I will 

consider the cross interaction in a mixture of two, different sized, hard spheres.  

In dilute solutions the small spheres are excluded from a layer of thickness r around the 

big spheres called the depletion zone (figure 1A). At high concentrations, when two large 

spheres approach each other to a distance smaller than radius of the small spheres, the 

depletion zones start to overlap (figure 1B) so that the small spheres are depleted from 

the void between the two big particles. At concentrations where the gap between the 

two spheres is smaller than 2r, the depletion zones start overlapping and the small 

particles are expelled from the space between the large particles. A consequence of these 

so-called depletion interactions is that the small spheres experience a decrease in their 

freedom of motion or translational entropy. Moving the big spheres together (figure 1C) 

results in an overlap of the depletion layers and thus in a decrease in the volume 

excluded to the small spheres. This gain in entropy reduces the total free energy of the 

system. To simulate the crowded cytoplasmatic environment on isolated nucleoid 

Pelletier et colleague 17  used high molecular weight polyethylene glycol (PEG20000) and 

monitored the genome folding over time using a micro chamber device coupled with a 

fluorescence microscope. The work clearly demonstrate that molecular crowning can 

cause compaction at in vivo concentration of depletants (0,1-0,2 g/ml).  

Furthermore, because depletion interactions tend to reduce inter-DNA spacing and thus 

enhance looping, molecular crowding may indirectly enhance binding of nucleoid-

associated proteins to DNA 17. 
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Figure 1. A) In diluted solutions when two molecule of different radius interact there is the formation  of a deplation zone 
(dotted circol); B) At higher concentration the depletion zones start to overlap if the distance between them is smaller than 

the radius of the smallest molecule. C) At very high concentration the big molecules are so close as to reduce the total 
volume accessible to the small molecules.  
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The nucleoid associated proteins (NAP) 

The nucleoid associated proteins (NAP) are a group of small, generally basic proteins that 

are able to bind both specific and non-specific DNA and induce bending, wrapping or 

bridging of the genome. As mentioned earlier, supercoiling is one of the major processes 

through which the genome of E. coli is compacted. The supercoiling imposed topology is 

fragile without additional stabilization since single strand breaks would relax hundreds of 

kilobases of the E. coli chromosome causing cell death.  

NAPs through their ability to bend and making contact points between distant regions of 

the chromosome contribute to the formation and stabilization of topologically closed 

regions of about 10 kb named microdomain . 

Beside organizing the lowest level of genome architecture, NAPs play also an important 

role in cellular processes such as transcription, recombination, nucleoid segregation, and 

DNA storage. 

Based on the architecture imposed to DNA, NAPs can be classified as  DNA bridging 

proteins, DNA bending proteins and DNA compacting proteins. A particular type of DNA 

binding protein are able to cluster plectonemic domains forming macrodomain (MD), that 

are specific spatial arrangement of large DNA regions displaying higher interaction 

frequencies 18. 
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DNA bridging proteins 

Histone-like nucleoid structuring protein (H-NS) 

E. coli H-NS (histone-like nucleoid structuring protein) is a 137 amino acids long protein, 

consisting of three domains: an N-terminal domain(NTD), a carboxy-terminal domain 

(CTD) and a flexible linker that connects the two. The precise structure of H-NS is 

unknown since the structure of the full-length H-NS protein has not been resolved yet. 

An AT-hook motif located in the CDT is responsible for the DNA binding activity of H-NS19: 

R114 can interact with the minor grove of the DNA and this interaction  is favored by AT-

rich sequences that exhibit a narrow minor groove. For this reason H-NS is capable to 

bind DNA  without any sequence specificity even though it displays a preferential binding 

for bent and/or flexible DNA. AFM images of HNS nucleoprotein complexes revealed that 

at high concentration (H-NS−bp ratio 0.1:1), the DNA showed a repetitive bridged 

organization that could be quantified in a 20 ± 3 nm periodic structure15. 

The H-NS aptitude to form bridged structures on the DNA makes it a gateway able to 

preserve supercoiling even in nicked DNA. 

The ability to recognize A-T rich sequences, makes H-NS to compete with RNA 

polymerase. In fact i) H-NS binds to the TATA box preventing RNA polymerase promoter 

binding; ii) H-NS appears to interact directly with the RNA polymerase alpha subunit to 

prevent transcription initiation; iii) RNA polymerase loop-mediated trapping 20.  

Super resolution analysis of H-NS discovered a clustered distribution with 2-4  spots, 

following cell division 21. The authors hypothesize that H-NS can function as anchor points 

for distant DNA loci distributed throughout the genome, potentially stabilizing DNA loops. 

These anchor points (or organizing centers) can act in concert with previously described 

chromosome domains to shape the  architecture of the E.coli chromosome. However, this 

study also revealed that  while the H-NS clusters appeared largely static, the H-NS specific 
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genes  were mobile and did not always co-localize with the H-NS clusters, suggesting that 

the nucleoprotein complex is a heterogeneous and dynamic entity. 

Leucine-responsive  Regulatory Protein (Lrp) 

Lrp is a 15 kDa protein that binds a DNA degenerate consensus sequence and influences 

the transcription of  10% of the E. coli genes and its activity can be potentiated, inhibited 

or unaffected by leucine 22 . Lrp exists in different oligomeric forms: dimer, octamer and 

hexadecamer, with leucine binding favoring the dissociation of the hexadecamer to the 

octamer form 23. The N-terminus consist of three α-helices that adopt a helix-turn-helix 

motif which is believed to mediate the interaction with DNA 24. As shown by electron 

microscopy images of B. subtilis LrpC–DNA complexes, Lrp  can bridge and wrap the DNA 

duplex 25. Among the gene influenced by  Lrp, the most important are the rRNA operons 

(that are inhibited) and genes involved in the phase-variable expression of pili ( that are 

induced ). The phase-variable expression of pili and rRNA is mediated by a positive control 

of the alormone ppGpp on the expression of lrp gene, but the molecular mechanism are 

still unknown 26. This means that Lrp levels are highest at the end of the exponential 

phase of growth, when the demand for stable RNA and other components of the 

translational machinery is declining and the bacterium needs high mobility in order to 

search for nutrient. 

MukB 

Escherichia coli MukB was the first member of the structural maintenance of 

chromosomes (SMC) protein family to be discovered. MukB mutants cause the 

production of anucleate cells, cells with two nucleoids, and cells with small amounts of 

DNA caused by a “guillotine effect” 27. 

MukB consists of two globular ( the N- and C-terminal) domains connected by two long α-

helices with a hinge region in between 28. In solution MukB dimerizes via the hinge 
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domain to form a distinctive V-shaped molecule where two long coiled-coils protruding 

from the hinge terminate in globular head domains 29. The DNA binding site is located on 

the positively charged hinge-proximal side of the head domain and spreads over its sides.  

The proteins MukE and MukF bind MukB 30. MukEF does not show any DNA binding 

activity but it modulates MukB-DNA interactions31. MukF serves as a kleisin that interacts 

with MukB heads and links MukE to the complex. 

When overproduced in living cells 32 or mixed in vitro with long phage DNA 33, MukB 

induces DNA condensation. The mechanism by which MukB condenses DNA is unknown. 

Presumably, by trapping distal segments of the chromosome or by forming loops 

between DNA segments.  

Perhaps the most striking feature of MukB hinge is its association with ParC, a subunit of 

DNA topoisomerase IV 34,35. Although this association is rather weak, it seems essential. 

Mutations in ParC or MukB that disrupt their interface are detrimental for the cell36. 

Because the interaction is fairly weak, it is unclear whether ParC should be viewed as a 

part of MukBEF complex or a transient cofactor. Specifically, MukB stimulates topo IV-

catalyzed relaxation of negatively supercoiled DNA but has no effect on relaxation of 

positive supercoils or decatenation and promotes DNA knotting 37. How topo IV affects 

reactions of MukBEF is yet to be determined.  

Fluorescence  images indicates that MukBEF accumulates as ‘spots’ at ~1-3 discrete 

chromosome locations, typically at midcell and/or quarter cell, in the same regions as  the 

replication origins in E. coli, but no polar anchoring complex has been identified. 

However, MukBEF in E. coli  is required to maintain the correct genome orientation inside 

the cell 38.   
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DNA bending proteins 

Integration host factor (IHF) 

IHF was originally discovered as an essential co-factor for site-specific recombination of 

phage lambda in E. coli and  is composed of two subunits, -subunit and -subunit. The α-

subunit t is 11kDa and the β-subunit about 9.5kDa in size. The structure of the hetero-

dimeric protein has been resolved and can be described as a body with protruding flexible 

arms 39. The compact body of IHF is made of intertwined α-helices from both IHF 

subunits. This compact body is capped by β -sheets that extends into two flexible β-

ribbon arms that can be inserted into the minor groove of DNA 39,40. At the tip of each β -

ribbon arm that is inserted into the minor groove upon binding there is a highly 

conserved Proline. This residue intercalates between adjacent base pairs and induces or 

stabilizes DNA bending. The insertion of the two Proline residues (one from each -ribbon 

arm) results in extensive hydrophobic interactions with the DNA bases, which leads to an 

unusual narrow minor groove. This in turn leads to two sharp kinks at the sites were the 

-arms are inserted (9 bp apart), which results in sharp DNA bending (up to 180°) 39. The 

DNA bend is stabilized by interactions between the negatively charged DNA sugar-

phosphate backbone and positively charged residues along the body of IHF 40. The binding 

of IHF to DNA can result in up to 30% length reduction attributed to bending  41. 

The IHF DNA-bending activity can influence transcription by facilitating, upon bending, 

contact between regulatory proteins and RNA polymerase 42 but also by means of a 

mechanism called supercoiling-induced duplex destabilization(SIDD): IHF-binding site 

display a tendency of  becoming  single-stranded and upon IHF-induced DNA bending,  

this tendency  is transferred to the next-nearest labile region, mediated by displacement  

of the torsional energy that arises from DNA twist in negatively supercoiled DNA. This 

mechanism assists the formation of the single-stranded ‘bubble’ necessary for the 

formation of the open transcription complex 43. 
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Because, in vivo, the majority of IHF is bound to the DNA,  44,45 the non-specific binding is 

frequent and probably important. 

The observation that non-specific binding and bending leads to effective compaction in 

vitro suggests that IHF contributes significantly to the compact form of the nucleoid in 

vivo, in particular during early stationary growth . 

 

The factor for inversion stimulation (FIS) 

The factor for inversion stimulation (Fis) is a 22kDa homo-dimeric protein and the 

structure of the nucleoprotein complex has been resolved 46. A helix-turn-helix motif is 

involved in DNA binding 47,48. 

FIS inserts an alpha helix of each monomer into two consecutive major grooves where it 

mkes non-specific bonds, however, for the complex to be stable the minor groove 

towards the protein has to be narrowed. For this reason, the sequence showing greater 

affinity is composed of a rich AT central region that better accommodates this narrowed 

conformation. 

Depending on the core sequence, the DNA adopts an overall curvatures ranging from 60° 

to 75° as measured in the crystals. 

There are approximately 6000 sites in the genome that match the consensus sequence, 

which leaves the majority of Fis (during early exponential growth) capable of binding non-

specifically to DNA. Studies of FIS action at individual regulatory regions have revealed 

different mechanisms by which it affects gene expression: direct interaction with CTD of 

RNA polymerase; competition of RNA polymerase binding site; displacement of an 

essential trancription activator; jamming of RNA polymerase and, as HIF, SIDD. The ability 

to regulate the expression of the two major topoisomerases ( topA 88 and DNA gyrase ) 

allows Fis to influence DNA supercoiling globally 49–51. It has also been suggested that Fis 
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can preserve a negatively supercoiled DNA micro-domain at the some promoters by 

constrains negative supercoils upon binding to its sites 52.  

It is interesting to note that Fis is the most abundant NAP in early exponentially growing 

cells (1 Fis/450 bp), on the contrary is completely absent during stationary growth. This 

expression pattern seems to correlate with the rise in demand for components of the 

translation apparatus to support rapid growth 53.  

HU 

In E. coli, Hu exists as homodimer or heterodimer made of  9.5kDa subunitswith 70% 

homology, depending on the stage of growth of the bacterium.  Homodimeric HU2 is 

more abundant at the beginning of logarithmic growth, whereas heterodimeric 

HUpredominates late in growth and during the stationary phase 54. HU and IHF have a 

similar structure, in which  two -ribbon arms protrude from  a globular body. They share 

about 30–40% homology but HU binds DNA non-specifically, with a higher affinity for 

supercoiled DNA and distorted DNA structures, such as bends or four-way junctions 55. 

Like IHF, HU employs the intercalation of two conserved Proline residues that are inserted 

into the minor groove and stabilize DNA bending. In addition,  X-ray crystallography of 

HU-DNA complexes  has revealed that the protein can form multimers consisting of 

octamers  organized in a left-handed αβ spiral. The physiological role of high order 

multimers  is emphasized by the fact replacement of the HUβ-E38A residue, critical for 

interdimeric interface, significantly decreased the ability in generating negative DNA 

supercoils compared to the wild type 56. However, in vivo evidence that  multimeric HU is 

the biological unit are lacking. 

In addition to its influence on DNA bending , HU contributes to relieve extra DNA 

supercoiling by binding and stabilizing cruciform structures since, in vitro, it binds with 

high affinity to such structures 57,58. HU is also able to bind RNA, and induce an RNA 

dependent DNA condensation in vitro, but the mechanism is unknown59.  
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DNA compacting proteins 

The DNA protection during starvation protein (Dps)  

Dps is a member of the ferritin/bacterioferritin superfamily that  becomes the most 

abundant protein upon entering the stationary phase (180 000 molecules per cell) 60. The 

Dps monomer is a  19kDa protein with a four helix bundle core resembling the monomer 

core of bacterial ferritin61. Like bacterial ferritin, Dps forms dodecamers resulting in a 

large (90Å) hollow sphere61 . Both inner and outer surfaces of the E. coli Dps are charged 

negatively, based on the X-ray structure 61  and AFM analysis 62. It is thought that the N-

terminal tails, lacking a DNA-binding module, but containing positively charged amino 

acid residues, are responsible for interaction with DNA, Dps self-aggregation and 

binding/aggregation-mediated DNA condensation 63. Recent experiments have revealed 

that Dps can interact within or nearby the sequence responsible for the starting of 

genome replication during exponential phase, thus inducing a delay in the genome 

replication 64. The genomic regions bound by Dps in this area contain many repeated 

sequences, including three pairs of inverted heptanucleotides within the origin. Thus, it is 

possible that inverted repeats, forming a 4-way junction create a platform for interaction 

with the Dps-DnaA sub-molecular complex. Indeed, in vitro experiments show that Dps 

has a high affinity for three-way junctions in artificial DNA molecules. Despite the DNA 

binding mode, the Dps molecular mechanism is still poorly understood. During stationary 

phase DPS co-crystalize with DNA  inducing a high degree of genome compaction, 

protecting DNA from oxidative cleavage or redox-stress, thermal shock and UV-light 65.  
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Macrodomain associated protein 

Plectonemic domains, (described in the supercoiling chapter) can be clustered in space 

forming specific spatial arrangement of large DNA regions displaying higher interactions 

called macrodomain (MD) frequencies 18. The E. coli chromosome is divided into 4 

macrodomain : Ori, Ter, Left, Right and two Non Structured domains (NS). The Ter MD is 

centered on dif, a 28bp sequence involved in chromosome dimer resolution while the Ori 

MD encompasses oriC, the origin of replication locus. The Ori MD is flanked by the two NS 

regions called NS Right (NSR) and NS Left (NSL) and the Right and Left MD are adjacent to 

the Ter MD.  

The molecular mechanisms responsible for MDs organization have been partially 

uncovered. The structuring of the Ter MD relies on the binding of MatP to 23 matS 

sequences distributed along the Ter domain 66. Localization and segregation of MD are 

tightly controlled during the cell cycle: Ter MD is anchored to the division machinery 

through an interaction of MatP with ZapB 67, a component of the divisome, and the DNA 

translocase FtsK removes MatP from the Ter MD to achieve chromosome segregation 68. 

In the absence of MatP, loci belonging to the Ter MD exhibit a higher level of mobility, 

and segregation of the Ter MD occurs earlier in the cell cycle66,69. In addition SlmA and 

SeqA proteins are unable to bind Ter MD. SlmA binds  specifically DNA duplexes 

containing a 12-bp palindromic site with the consensus, 5′-GTGAGTACTCAC-3′ named 

SlmA–DNA-binding sequence (SBS). SBS sites are essentially absent in the Ter MD and 

largely absent from the MDs that surround the Ter. SlmA is able to antagonize FtsZ 

assembly in higher order spiral-like structures 70. Therefore, after replication of the Ter 

domain the mid-cell position is free of SlmA and, in cooperation with the Min system, FtsZ 

can polymerize in the Z-ring leading to proper cell splitting 71. SeqA binds to hemi-

methyleted GATC motifs  that are generated upon replication and more abundant  near 

oriC and almost absent in the Ter MD. DNA bound SeqA proteins prevents DnaA from 

starting a new replication initiation. From cell fractionation experiments and PALM 
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experiment a fraction of SeqA results localized at the membrane but the molecular 

mechanism through which  this soluble protein can bind the membrane remains unknown 

72.  

The organization of the Ori MD depends on the MaoP protein and on a single sequence of 

17 bp, called maoS, located close to oriC. How the maoS/MaoP system structures the 

DNA over several hundred of kilobases is still unknown.  

The macrodomain organization influences the segregation of sister chromatids, the 

mobility of chromosomal DNA and the cellular localization of the chromosome73.  
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Conclusion  

The role of NAPs  in compacting the global nucleoid is still unclear. Since NAPs have the 

tendency to bind AT rich region it is conceivable to consider overlapping as a key feature 

of the various NAPs function. In fact  bacterial cells missing one of the NAPs usually have 

subtly different phenotypes. For example, HU and IHF single mutants are viable while HU 

IHF double mutants have compromised growth and survival 74. 

NAPs-DNA organization is a highly dynamic structure as the genome is subject to 

processes that alter the DNA's mechanical properties such as transcription,  replication 

and segregation of the genome.  

Although it is not fully understood the role of NAPs in the global nucleoid structuring they 

have important effects on local nucleoid structure. The nucleoid is organized in 

topologically independent loops of about 10 kb 14.  DNA bending proteins could affect the 

local arrangement of the nucleoid by determining the location of the apex of supercoiled 

loops, thus modulating the expression of nearby genes. In contrast, bridging of the loops 

may prevent duplex slithering preserving the loop’s gene succession.  

Binding  experiment with hyperplectonemes DNA bound with IHF, FIS and HNS highlights 

the link between the nanomechanical properties of nucleoprotein complexes and the 

protein regulatory function. FIS, which is a transcriptional activator, stabilized dynamic 

and soft DNA complexes, as opposed to H-NS, a  global transcriptional repressor, which 

stabilized more stiffen and organized nucleoprotein complexes preventing duplex 

slithering 15. In this scenario NAP could act as potential ‘bacterial chromatin remodellers’ 

able to modulate the organization of plectonemic loop 15. NAP could also affect super 

helical density by recruiting RNA polymerase to the promoter in particular loci, such as 

rRNA operon during fast growth 75.  
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All processes involved in genome folding are differentially modulated in a growth phase-

depended state. Different sets of NAPs are expressed according to the state of bacterial 

growth stage 53,76. 

In early exponential phase Fis is the most abundant NAP reaching 30000 dimers/cell 

followed by Hu (17500 dimers/cell), HNS(13000 dimers/cell),IHF(7000 dimers/cell), 

DPS(2500 dodecamers/cell) and LRP(375 octamers/cell). Upon entry in late exponential 

Fis disappear and the most abundant NAP becames IHF (30000 dimers) followed by 

HU(27500 dimers)  DPS(10416 dodecamers), HNS (9500 dimers ) and LRP (62 octamers). 

In early stationary IHF decreas half of the concentration (15000 dimers) DPS became the 

second most aboundant nap (14580 dodecamers) , like IHF, HU and HNS decreases their 

concentration(7500 dimers and 3250 dimers respectively) and LRP concentration don’t 

varied. Upon starved condition DPS became the most abundant NAP(15000 dodecamers), 

while all the concentration of the other NAP are begun stable.   

The transition from exponential to stationary phase is accompanied also by a reduction in 

the number of negative supercoils of both plasmid 77 and genomic DNA78. In addition, a 

decrease of the cellular metabolism can induce a reduction of the cytoplasmic fluidity 79 

which, in turn, affects macromolecular crowding and genome compaction. 

Overall,  the data suggest that at any given bacterial growth phase there is a high level of 

DNA bending proteins (antagonizing the action of DNA bridging proteins) that modulate 

the nucleoid structure ensuring an “open”, transcriptionally active, conformation during 

phases of relatively fast growth. Dps becomes the most abundant protein in late 

stationary cells and its ability to form large collapsed nucleoprotein complexes, coupled 

with reprogramming of RNA polymerase, transforms the dynamic nucleoid into a static, 

transcriptionally inactive, structure that is protected against damage. 
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Figure 8 . Expression pattern of the major nap in different growth stage (based on the data of T. A. Azam, Iwata, 

Nishimura, Azam, & Ueda, 1999).  
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Combining Atomic force and fluorescence microscopies to investigate the 

bacterial nucleoid morphology 

Introduction 

Escherichia coli is characterized by two double-layer phospholipid membranes to 

accomplish proper isolation and  functional exchange with the environment. Between the 

two membranes there is a saccharide polymer called murein or sacculus which maintains 

the shape of the bacterium and resists to the osmotic pressure of the cell. Within the 

bacterium,  the environment  is extremely crowded, being mainly composed  by cytosol 

and nucleoid. 

All these elements contribute to define the shape of a bacterium cell. 

Because isolated peptidoglycan sacculi retain the shape of intact cells 1, the cell wall was 

thought to be inherently rigid. However, by means of atomic force microscopy the 

mechanical properties of isolated and hydrated E. coli sacculi were assessed, revealing  

their flexibility and elasticity 2. These experiments suggest that in living cells the bacterial 

cell wall is not a ‘hard shell’ but rather a structure that retains flexibility. Therefore, it is 

assumed that the sacculus confers and preserves a defined shape and size of the cell, 

aided by the dynamics and topology of its biosynthetic processes 3. Bacteria can use 

cytoskeletal elements to position proteins involved in peptidoglycan (PG) synthesis and 

hydrolysis in large, intricately protein complexes, for example in H. pylori PG hydrolases 

(Csd1, Csd2, Csd3, Csd4 and Csd6) dictates the helical shape morphology 3. The actin-like 

cytoskeletal protein MreB influences bacterial morphogenesis by coordinating cell wall 

biosynthesis spatio-temporally. Although directing PG insertion during elongation appears 

to be the main role of MreB, also chromosome segregation, RNA polymerase binding and 

topoisomerase IV activation are process in which MreB is involved  4,5.  

In addition to the pivot role of MreB, the cross talk between sacculus and the nucleoid is 

of primary importance for cell division. Although cell division is a simple process, the 
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division site must be chosen carefully. For instance, division at the pole would produce a 

non-viable anucleate ‘mini-cell’. Conversely, division through the nucleoid would produce 

at least one non-viable cell. In E. coli the division site is placed precisely at mid-cell  thanks 

to the combined action of two negative regulatory systems 6 7. In the first one, the Min 

system prevents division close to the cell poles, by inhibiting Z-ring assembly, whereas in 

the nucleoid occlusion system  the nucleoid  acts as a cell cycle ‘checkpoint’, preventing 

cell division until the replicated sister chromosomes have been segregated. Therefore, 

besides acting as a ‘template’ for specific regulatory proteins, the overall organization and 

activity of the nucleoid may also play a more general role in regulating division 7. It is 

interesting to note that since the ter locus appears to leave mid-cell just prior to 

constriction, this process might  also communicate the completion of chromosome 

segregation to permit cell division 8. 

The beginning of replication, such as the separation of the sister chromatid, also has a 

spatial length control: it seems that the cell can sense its size and decide when it is large 

enough to start the replication process 9. 

The picture that emerges indicates that cell-size control and cell-cycle control are coupled 

10. Zaritsky pointed out that the bacterial width is related to the level of nucleoid 

complexity, expressed as the amount of DNA in genome equivalents that is associated 

with chromosome terminus. 

Since the morphology of E.coli is dependent of the medium in which  is cultured 11 I will 

briefly describe its physiology in Luria-Bertani broth 12 . The recipe for Luria-Bertani broth 

is as follows. Combine 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, and 1 liter of 

distilled water; adjust the pH to 7.0 with 1 N NaOH; and autoclave the mixture for 25 min 

at 120°C. The tryptone used is a pancreatic digest of casein from cow’s milk, and the yeast 

extract used is an autodigest of Saccharomyces cerevisiae. The carbon sources for E. coli 

in Luria-Bertani broth are catabolizable amino acids, not sugars.  
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LB broth supports  E. coli growth to an optical density at 600 nm (OD600) of 7 and is limited 

by the availability of utilizable carbon sources. 

The great deal of work on  E. coli physiology has been carried out with cultures in steady-

state growth, often called exponential phase 12. By definition, during steady-state growth, 

all intrinsic parameters of the cells such as population averages, mean volume, density 

and macromolecular composition of the cells remain constants. On the contrary, all 

extrinsic parameters such as the optical density of the culture, the number of cells per 

milliliter, the amount of protein per milliliter, the amount of RNA per milliliter and the 

amount of DNA per milliliter, increase exponentially with precisely the same doubling 

time 12. The composition, pH and temperature of the medium all remain constant within 

the cells detection limits. Cultures in steady state exhibit balanced exponential growth. 

Steady-state growth stops at an OD600 of 0.3 in Luria-Bertani broth 12. At this OD value 

the average cell mass begin to decrease, indicating that the growth rate decreases and 

the steady-state growth ends. Interestingly, the intracellular concentration of S increases 

in Luria-Bertani broth when the OD600 reaches about 0.5 13. 

The genomic content of E coli strain MG 1655 vary along the growth curve. In rich 

medium doubling times of E. coli is 20 minutes although the time required to replicate 

and segregate the chromosome is at least 60–90 min. In rapidly growing cells a way to 

overcome temporal limitation is to initiate a new replication cycle before the previous 

replication round is completed. This leads to a high genomic content in exponential phase 

with respect to the stationary phase 14. In exponential phase it has been reported the 

presence of 8-16 chromosome equivalent per cell 15,16.  

On the other hand, after 20 hours in stationary phase, cells have been reported to be a 

mixture of cells containing 1 or 2 chromosomes in minimal medium M9 17 or, a mixture of 

cells containing a prevalence of 4 chromosomes in LB (plus 0,2%glucose) 17 and after one 

more day in stationary phase cells contain only one chromosome 17. In addition, it has to 
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be pointed out that not only the number of chromosome equivalent but also the set of 

NAP associated with DNA is phase specific (as described in the NAP conclusion Chapter). 

These experimental evidences suggest that the topology of E. coli cells is ascribable to the 

intrinsic mechanical properties of PG and to the number and  level of compactness of the 

chromosomes, both depending on the phase of growth.  

During my PhD thesis I have developed a combined (hybrid) Atomic Force Microscopy  - 

Fluorescence Microscopy procedure (AFM-FM). The combined AFM-FM approach can 

have clear advantages; by means of AFM highly resolved topology of the cells is 

collectable whereas by FM is possible determine the precise position and organization of 

the nucleoid inside the cell. By overlapping  AFM and FM images of the same cell it is 

possible to correlate the topology of the E. coli cells, the structural transition of the 

nucleoid and how such transitions can specifically influence the global morphology of the 

cell. 

Result and Discussion 

AFM investigation of E. coli cells morphology  

Atomic force and fluorescence microscopies are very different technique. AFM displays 

high spatial resolution but it is characterized by long time of image acquisition, on the 

other hand, fluorescence microscopy is a very fast technique able to imaging a high 

number of bacteria cell in short time. 

Due to the time consuming nature of AFM I have started with optimization of bacterial 

cell deposition for AFM imaging employing different procedures to prepare the cellular 

samples. 

It’s important to prepare a sample with a high cell density in order to collect the 

maximum number of bacteria cell in one single AFM image (AFM Park XE 100 AFM I’ve 

used is able to take 40x40 m images  with a resolution of 2048 pixel in one hour). 
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I have employed poly L-ornithine coated glass in order to improve the bacterial cells 

adhesion onto the support (Figure 1).  

 

Figure 1 Optical images of deposition of E.coli deposited on glass( A) and on Poly L- poly L-ornithine functionalized glass(B). 

 

The cell suspension was incubated for few minutes onto glass and finally dried prior to 

perform the AFM analysis. Drying of the cellular samples was carried out using a gentle 

nitrogen flow.  It has been reported that nitrogen drying changes the surface of bacterial 

membrane, most likely because of the mechanical stress, although no patterns are 

generated de novo 18. For this reason, drying of deposited cells was also performed at 

room temperature (RT) by solvent evaporation in order to avoid any possible 

morphological perturbations of the cells.  

Sample fixation by means of formaldehyde or glutaraldehyde crosslinking is a method 

widely used in microscopy, although, only one work by Chao and Zhang,  extensively 

analyzes the effects of different fixation methods on bacterial morphology 19 and, 

according to the authors,  glutaraldehyde fixation preserves the tridimensional structures 

of the cells. For this reason I employed glutaraldehyde as crosslinking reagent for E. coli 

fixation.   

The AFM characterization of the cells was carried on E. coli cells harvested at OD600=0,2 

and OD600=6, representative of the exponential and stationary phase of growth, 

respectively.    
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To quantitatively evaluate the effect of the fixation methods on bacterial morphology, the 

width/height ratio (W/H) was used as an index reflecting the preservation of bacterial cell 

as analyzed by Chao and Zhang.  For intact rod-shaped bacteria, the W/H ratio is close to 

1 19. Glutaraldehyde fixation of exponential cells leads to higher and narrow cell with a 

volume of 1.11 ±0.07 m3 (Table1). The sample preparation can lead to cell edge artifact 

as can be observed in Figure 1 and Figure 2. These artifacts could mean a shrinkage of the 

cell's interior due to cytosol jellification induced by the fixative agent. 

RT drying leads to the wider and lowest exponential cells with a high W/H ratio but the 

volume is in line with the cross-linked sample (Table1) . These data indicates that drying 

by solvent evaporation causes a general relaxation of cell morphology on the solid surface 

support (Figure 2 and Figure3 ). 

Nitrogen drying of cells in exponential growth, determines an intermediate value of W/H 

ratio (Table1)  and still the volume value is in line with the fixated/dried RT sample. As it 

can be seen from the zoomed images, the cells show  wrinkles and reentrant on the 

surface (Figure 3). Wrinkles and reentrant could be due to fast dehydration upon the 

passage of the meniscus. 
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Figure 2. AFM scans at 20m of E. coli cells. A) dried by RT evaporation; B) dried by nitrogen flow and C) fixed with 2.5% 
glutaraldehyde (arrow indicating an edge artifact). 

 

 

Figure 3. Representative images magnification of different cells. A-B) fixed with 2.5% glutaraldehyde ( white arrow 

indicating an edge artifact).; C) ) dried by RT evaporation D) dried by nitrogen flow (red arrow indicating surface wrinkle). 
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Cells in stationary phase showed the highest degree of morphological differences due to 

different types of sample preparation (Table 2). 

RT drying by solvent evaporation reveals an homogenous behavior of the bacterial 

population (Figure 3) in which a compact structure appears in the center of the cell, 

surrounded by a flat region with a height of about 50 nm, most probably composed by 

peptidoglycan and plasma membrane (Figure 4). 

In contrast both preparations with glutaraldehyde and nitrogen drying show a blob on the 

side of the cell (Figure 4) from which, in the nitrogen-dried sample, a central ridge forms. 

The fact that some fixed cells show a more uniform cell morphology (white arrows) makes 

me hypothesize that the fixing of cells in stationary phase with the protocol used for cells 

in exponential growth, is not sufficient to carry out a complete fixing of the bacterial 

structures, perhaps due to the marked biological rearrangements following the entry into 

the stationary phase. 

Nitrogen drying determines an intermediate value of  the W/H ratio  for exponential cells 

while a central ridge appears  in stationary phase cells (Figures 4B and 6). These cells 

show only a slight increase in width but show a much smaller volume than that measured 

in cells  dried at RT or cross-linked. These observations suggested  that nitrogen drying 

can impact on the cell morphology. However, such topological perturbation can be 

representative of an internal structures of the cells.  As it can been seen in Figure 6, 

nitrogen drying can reveal dividing cells, not detected with the other preparation 

methods. 
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Figure 4. AFM scans at 20m of E. coli cells. A) dried by RT evaporation; B) dried by nitrogen flow and C) fixed with 2.5% 

glutaraldehyde (arrow indicating a complete fixed cell). 
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Figure 5. Representative AFM images magnification of stationary phase cells after RT evaporation drying  (top).Extracted 

profile from two cells displaying a flat structure of 50 nm height on the cellular ends (red arrow) 
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Figure 6. Representative AFM images magnification of stationary phase cells after nitrogen drying. It can see the majority of 

cells exhibits a central crest and morphological characteristics absent in other preparations (white arrow). 

 

 

Because the preparation of cells in stationary phase often leads to samples characterized 

by abundant extracellular matrix difficult to image by AFM, I focused my attention on  

cells harvested at OD600=3 (early stationary phase of growth) to better understand 

whether the different cellular morphologies observed after nitrogen drying were artifacts 

or representative features of  a particular morphological state. 
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AFM-FM analysis of cells in exponential growth 

To evaluate whether  the formation of the ridges is due to an artifact caused by the drying 

or due to a particular arrangements of the bacteria internal components, I developed and 

employed a combined AFM-FM approach. The first candidate that can determine these 

morphological behaviors is the nucleoid.  

Through the analysis of hybrid images, I tried to verify whether if the central ridge 

correspond to the nucleoid  fluorescence signal.. 

AFM and fluorescence images were collected on both exponential and stationary phase 

cells. The AFM-FM analysis were performed on cross-linked and uncross-linked cell 

preparations and after RT drying by means of a nitrogen flow and solvent evaporation . 

Images collected on cells dried by water evaporation were  characterized by a smooth 

surface (roughness  0,56 ± 0,15nm) without any particular complex morphology, in line 

with the cell morphology previously described (Figures 7, 8 and 9). Fluorescence images 

reveal the presence of numerous structures (Figure 7B) in line with literature reports 

showing a complex nucleoid organization in a rapidly growing state. Three cells of 

different lengths (Figure 10, 11) were characterized by a particular  nucleoid organization,  

very similar to that shown in reference 98. These three cells may be in a different phase 

of growth. The smaller cell shows a bilobate nucleoid structure, whereas the central cell 

appears  longer and  the nucleoid seems more extended, as if it is in the segregation 

phase. Finally,  the third cell has two fully separate nucleoids and shows a furrow that 

divides the cell into two compartments (Figure 10, 11).   

In this image there is no correlation between surface topography and underlying location 

of the nucleoid (Figure 11). 
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Figure7. AFM (A) and FM(B) images of the same area after evaporation of excess solution at RT (OD600=0,25).  

 

Figure 8. Overlay of the FM on the tridimensional AFM image (withe box in figure 7). As  it can be seen the region with the 

high fluorescence (red) is characterized by uniform bacterial  morphology. The values on Cartesian axes are expressed in 

micrometers .

 

Figure 9. Overlay of the FM on the tridimensional AFM image (of the red box in figure 7). The region with the high 

fluorescence signal (red) is characterized by uniform bacterial topography. The values on Cartesian axes are expressed in 

micrometers. 

 



55 
 
 

 

 

 

Figure 10.  AFM (A) and FM(B) images of the same area depicting three different cells (OD600=0,25) after evaporation of 

excess solution at RT.  

 

Figure 11  Overlay of the FM on the tridimensional AFM image of three cell in different time of chromosome segregation in 

exponential phase and dried by evaporation at RT. The values on Cartesian axes are expressed in micrometers. 

 

 

Images collected of the cross-linked sample shows end defects and a wrinkled 

appearance (Figure 12-16); roughness analysis reveals an increase in roughness compared 

to RT drying at a value of 1.49 ± 0.19 nm.  



56 
 
 

 

In addition, fluorescence images are characterized by a strong signal at the edges (12B, 

14B) whereas other cells do not emit as strongly (Figure 12B, 14B). These forms could be 

caused by the chemical fixation or by autofluorescence of glutaraldehyde after reacting 

with the proteins . 

 

Figure 12.  AFM (A) and FM(B) images of the same area of cell fixed with glutaraldehyde (OD600=0,25). Fixation leads to 

edge artifact as indicated by the red arrow. FM image display defects such as edge fluorescence and difficult to stain cell 

(white arrow).  

 

 

 

Figure 13. Overlay of the FM on the tridimensional AFM image (of the white box in figure 12). The surface is quite wrinkled 

and display edge artifact of fixation (red arrow). The values on Cartesian axes are expressed in micrometers. 
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Figure 14. Second experiment of cell fixed with glutaraldehyde (OD600=0,25). Also in this experiment FM image display 

defects such as edge fluorescence and difficult to stain cell (red arrow).  

 

 

Figure 15 Overlay of the FM on the tridimensional AFM image (of the white box in figure 14). The surface is quite wrinkled 

and display edge artifact of fixation (red arrow). The values on Cartesian axes are expressed in micrometers. 
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Figure 16 Overlay of the FM on the tridimensional AFM image (of the white box in figure 14). The surface is quite wrinkled 

and display edge artifact of fixation (red arrow). 

 

Cells dried with a nitrogen flux show the largest roughness value: 2.33±0.4. Fluorescence 

images resemble the RT water evaporation situation with good image quality (17B, 19B).  

In some cells the nucleoid is positioned in a reentrant of about 50nm (Figure 18,20). This 

reentrant could be a reflection of the phase separation between the nucleoid and cytosol  

20 that could be enhanced by this particular sample preparation. 
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Figure 17. AFM (A) and FM(B) images of the same area of nitrogen dried cell (OD600=0,25). The FM image resemble the 

evaporation sample and multiple nucleoid structure can clearly be seen. 

 

 

Figure 18. Overlay of the FM on the tridimensional AFM image (of the red box in figure 17). The surface characterized by 

surface hollows corresponding to area of maximal fluorescence intensity. The values on Cartesian axes are expressed in 

micrometers. 
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Figure 19. Second experiment of nitrogen dried cells (OD600=0,25). AFM (A) and FM(B) images of the same area.  

 

Figure 20. Overlay of the FM on the tridimensional AFM image (of the red box in figure 19). The surface characterized by 

surface hollows corresponding to area of maximal fluorescence intensity. The values on Cartesian axes are expressed in 

micrometers. 

AFM-FM analysis of Early-Stationary phase cell  

The nitrogen-dried sample shows the formation of central ridges with a swelling at the 

extremities (Figure 21-23). The ridges show a good co-localization with the fluorescence 

signal, thus confirming the hypothesis that they could reflect the shape of the  nucleoid 

(Figure 22,23).  
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The cross-linked cells and cells dried by water evaporation (Figure 24-28), did not show 

any particular structure with respect to the cells harvested at optical density (600nm) of 

6. In contrast to nitrogen dried sample, FM images of fixed samples display a uniform 

diffusion of the signal, while the fluorescence signal of RT evaporated sample reach the 

highest value in a  region positioned at mid-cell (Figure 27,28). 

The ridges couldn’t be the actual morphology of the nucleoid, since the RT evaporated 

sample nor the crosslink sample displays a fluorescent signal similar to the nitrogen dry . 

Thus the ridge could  reflect a softer morphological state which can be remodeled by the 

effect of the drying meniscus or being an artifact of nitrogen drying.  

 

 Figure 21.  AFM (A) and FM(B) images of the same area of nitrogen dried cell (OD600=3). There is quite similarity between 

the ridge shape of bacterial cell and the specific signal in the FM image . 
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Figure 22. Overlay of the FM on the tridimensional AFM image (of the red box in figure 21).In this image it can be 

appreciate the overlay between the FM signal and the ridge profile. The values on Cartesian axes are expressed in 

micrometers.

 

Figure 23. Overlay of the FM on the tridimensional AFM image (of the white box in figure 21). Also in this figure it can be 

appreciate the overlay between the FM signal and the ridge profile. The values on Cartesian axes are expressed in 

micrometers. 



63 
 
 

 

 

Figure 24.  AFM (A) and FM(B) images of the same area of fixed cell (OD600=3). There is quite similarity between the 

morphology of bacterial cells and the shape of the FM image but no structure can be identified.  

 

Figure 25. Overlay of the FM on the tridimensional AFM image (of the red box in figure 24). The values on Cartesian axes 

are expressed in micrometers. 

 

Figure 26.  AFM (A) and FM(B) images of the same area of cell dried by RT evaporation (OD600=3). 
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Figure 27. Overlay of the FM on the tridimensional AFM image (of the red box in figure 26). Displaying the FM images in jet 

colormap, it can be seen that the fluorescence reach the high value in a compact region positioned at midcell. AFM image 

display a septum like structure (red arrow) but it isn’t defined like the one identified in Figure21. The values on Cartesian 

axes are expressed in micrometers. 

 

 

 

Figure 28.  Overlay of the FM on the tridimensional AFM image (of the white box in figure 26). Displaying the FM images in 

jet colormap, it can be seen that the fluorescence reach the high value in a compact region positioned at midcell. The 

values on Cartesian axes are expressed in micrometers.  
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DAPI perturbation 

I have used the disturbing effect of DAPI to assess whether the strength of the drying 

meniscus has sufficient force to induce ridge formation or whether it reflects a more 

softer state of the cell. In literature it is reported that DAPI is capable of causing an 

expansion of the nucleoid in living cells 21.  

Therefore, if nitrogen drying is the only factor responsible of ridges formation there will 

be the appearance of crests even exposing the cells to DAPI for a prolonged period. On 

the contrary, if cells characterized by central ridges are not formed, it will mean that the 

meniscus does not have sufficient strength to cause ridge formation by itself .  

Incubating  cells collected at OD600 of 3 with 20 g/ml of DAPI,  the overall morphology 

reflect the cell discussed above (figure 29-32). This set of recorded images also shows a 

strong co-localization of the ridge with the DAPI signals (Figure 30, 32 ). It was also 

possible to observe cells with a particular morphology . Figure 31 and 32 show two cells in 

which the fluorescence signal has a gap in the center where the topography shows  a 

depression that could be the cell division septum (white arrow).  After 30 minutes 

incubation with DAPI it was possible to observe the disappearance of the ridges (Figure 

33, 34), suggesting that the ridges are not an artifact of the nitrogen drying procedure . 

Therefore, the ridges observed after nitrogen drying represent the footprint of the 

nucleoid structure when the cell is deflated by the nitrogen flow.  

 

 

 

 

 

 

 

A B 
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Figure 29.  AFM (A) and FM(B) images of the same area of nitrogen dried cell (OD600=3) after 2 minutes of incubation with 

DAPI (20g/mL).  

 

Figure 30. Overlay of the FM on the tridimensional AFM image (of the white box in figure 29).In this image it can be 

appreciate the overlay between the FM signal and the ridge profile. The values on Cartesian axes are expressed in 

micrometers. 

 

Figure 31.  AFM (A) and FM(B) images of a second area area of nitrogen dried cell (OD600=3) after 2 minutes of incubation 

with DAPI (20 g/mL). the white arrow is indicating the central depression.  
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Figure 32 Overlay of the FM on the tridimensional AFM image (of the white box in figure 31). The values on Cartesian axes 

are expressed in micrometers. 

 

 

 

 

 

 

 

 

 

 

 

Figure 33.  AFM (A) and FM(B) images of the same area of nitrogen dried cell (OD600=3) after 30 minutes of incubation with 

DAPI (20g/mL) leading to ridge disappearance. AFM image has a resolution of 39nm /pixel. 

A B 
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Figure 34. Overlay of the FM on the tridimensional AFM image (of the white box in figure 33) with no meniscus-induced 

ridge formation. The values on Cartesian axes are expressed in micrometers. 
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Conclusion 

Through the development of the AFM FM coupled approach, it has been possible to link 

the topographic structure of the cell with the organization of the inner nucleoid without 

subjecting the cells to invasive lysis procedures. 

Significant and reproducible differences in nucleoid organization have been found in 

relation to the different stages of the bacterial growth.  

This organization is also reflected in the morphology of the bacterium. In the exponential 

phase, the larger amount of genomic material detected by fluorescence prevents the cell 

from being extensively deformed when subjected to the nitrogen drying procedure. In 

fact, with this preparation method, small superficial depressions are found where the 

fluorescence signal indicates the presence of genetic material. 

On the contrary, in the stationary phase, the soft nature of the genome and the lower 

amount of genomic material per cell, makes the cells to undertake a marked 

morphological change after drying with nitrogen flow, resulting in the formation of ridges. 

This morphology does not only depend on the drying procedure but reflects the 

physiological state of the nucleoid. In fact, by altering the nucleoid organization with 

DAPI, it possible to avoid the formation of ridges. 

Materials and Methods 

Growth Conditions and sample preparation 

I used Escherichia coli K12 MG1655 since is the most studied E.coli strain. The cultures 

started with an overnight inoculum, from steb, in LB liquid(10 g of tryptone, 5 g of yeast 

extract, 10 g of NaCl, and 1 liter of distilled water; adjust the pH to 7.0 with 1 N NaOH). In 

the morning the liquid culture is diluted 1000 times for an initial OD of the new growth of 

0,006. 

For the exponential phase, a volume of 30 mL of cells was collected at an OD600 of 0.25 

mL; for the early stationary phase, 2 mL of cells were collected at an OD600 3 and for the 
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stationary, 1 mL was collected at an OD600 of 7. Cells were washed 3 times with 2 mL of 

Phosphate Saline Buffer (PBS)  and collected at 13K rpm for 1 minute, then re-suspended 

in 2 mL of PBS. 

For crosslinking gluteraldehyde is added to a final concentration of 2.5% and the reaction 

is left in stirring for 1 H. At the end, cells were washed 2 times with PBS 1X before the 

staining phase. For cell staining 100 l of washed cells were incubated with  10g/mL of 

DAPI (4',6-diamidino-2-phenylindole) for 5 minutes.   

In the case of nucleoid perturbation, they are incubated with 20 g/mL of DAPI for 5 

minutes and 30 minutes. The perturbation was conducted in three independent 

experiments. 

After incubation, the cell volume was carried  to 1 mL with PBS 1X and washed twice with 

PBS 1Xpellets after the last centrifuge is re-suspended in 50L of PBS 1X. 

Microscopy 

For AFM-FM microscopy, the cells are deposited on the object cover slide. the slide is 

functionalized with 50L of Poly L-Orithine 0,01%(Sigma) for 1 minute. Poly L-Orithine 

drop is dried with a gentle flow of nitrogen. 

A volume of 25 L of bacteria is deposited on the functionalized slide for 30 seconds, and 

successively the excess solution is washed with milliQ water. depending on the 

preparation procedure, the sample is left to dry by evaporation at RT or dried with a 

gently  nitrogen stream (also the fixed sample is dried with nitrogen stream). 

Nitrogen drying is carried out meticulously by tilting the slide at about 45 ° downward and 

nitrogen flow is directed in one direction on the residual drop of the slide. The drop is 

carefully swept through the formation of the meniscus. 

The position with greater opacity is marked in such a way as to generate references to 

find the cells with the two microscopes.  
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Fluorescence microscopy is carried out with a Nikon Eclipse E600 equipped with a 100X 

immersion oil lens and with a mercury lamp. 

The image of the cells is first recorded in bright-field and then the image of the same 

optic field is recorded with a DAPI specific filter and an exposition time of 400 to 600 ms. 

AFM microscopy is carried out through an AFM Park XE-100 integrated with a 60X optical 

camera with which the AFM scan can be centered in an area previously collected through 

the Nikon Eclipse microscope. 

A NCHR tip with a nominal tip radius of less than 10 nm has been used for experiments 

and AFM intermittent mode was choose. 

Image processing  

Brightfield and fluorescence images are processed through the Cell Profiler program. 

The images are imported through the' LoadSingleImage' function and then cropped in the 

area with the cells recorded under the AFM microscope. 

The images are then  converted to 8bit using the RGB channel summing method. 

To even out the lighting, an illumination function is calculated (using the Regular option) 

that is used to correct uneven illumination/lighting/shading or to reduce uneven 

background in images, through a polynomial fitting that is applied by division to the 

image. 

The brightfield image of bacteria is mathematically inverted (via the' ImageMath' module) 

if the pixels inside the bacterial cells have lower background values (this procedure is 

necessary for the subsequent MatLab analysis to record AFM and fluorescence images 

together). For fluorescence images, after correction with the lighting function, a Global 

Tresholding module is applied using the three class Otsu method (background) to identify 

a threshold value to be subtracted from the image. This process removes the background 

signal. 

Subsequently the operation of subtracting the threshold value the image is scaled 

(module 'rescaleImage'). 
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The image is then exported as a Tif file and is ready for image registration. 

 

AFM image processing 

The AFM image is instead processed using the Gwyddion software. 

The first procedure to be performed on an AFM image is flatten, which levels the image. 

For all the images, I have made a flatten per line using the median method. Once the 

minimum value has been leveled , it is reduced to zero and the image is exported in 

Gwiddion format. 

For the analysis of width and height parameters, I used the profile extraction Toolkit, 

which was then analyzed via Sigmaplot software.  

The roughness value was extracted from images with the same spatial resolution by 

drawing a 1 pixel thick line long 1m for 10 cell of each sample, along the longitudinal axis 

of the cells and using a cut-off of 0.2 and an exact type of interpolation of the values. 

MATLAB Image registration 

In order to obtain a three-dimensional image with actual topography data, on which to 

plot the fluorescence image, it is necessary to rescale and align the fluorescence image 

with the size of the AFM image. 

The bright-field image and AFM image were used to calculate the geometric 

transformation function. 

AFM parameters were imported into MATLAB using the script 'readgwyddionchannel'. 

developed by Lennart Fricke. 

Through this script  a structure containing information about the size of the image in 

pixels, in microns and a matrix with the height values of the sample was generated. To be 

able to proceed with image registration, it was necessary to convert the values of the 

height matrix into uint8.To register the image, I used the Imageregistration app 

integrated in the 2017 MATLAB realise only. Once the two images have been imported 
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into the application environment, you can choose the feature detection method to be 

used for alignment. 

For all images, the Speeded-Up Robust Features (SURF) algorithm to find blob features 

has been used in both images (Figure 35). 

 

Figure 35. A-B) Best 20 feature recognized by the SURFF algorithm displayed as green circle. Among this  feature the ones 

that are registered with the same geometrical transformation are  displayed as red circle. Application of the estimated 

transformation, using only the red circle, to the bright-field mage 

The application windows also has a check on the number of identified features and the 

goodness of alignment. By means of attempts it is possible to select the features that are 

present in both images and proceed to align them through a transformation for' 

similarity'. (this transformations include isotropic scaling, rotation, and translation 

operation). 
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It’s possible to export the transformation function, the positions of the aligned features 

and the registered image. 

To improve the image registration after the first step with the SURF algorithm, the 

registered image is imported back into the application and a second alignment is carried 

out through the multimodal intensity algorithm of the images, selecting the geometric 

option, which aligns the geometric centers (Figure 36). 

 

 

Figure 36. Example of the different degree of alignment between the edged image showed in figure 35  (AFM in green and 

bright-field in magenta) the use of the SURFF algorithm only (A) and the subsequent realignment process with the 

multimodal intensity algorithm (white arrow indicates region of alignment improvement of the images). 

At this point the two transformations functions are applied to the fluorescence image. 

The size of the matrix, containing the height values, is then converted from the number of 

pixels to the physical length (expressed for all three Cartesian axes in micrometers). 

the AFM image is plotted with the surf function calling the registered fluorescence image 

as a colormap. For all the images the colormap jet was selected in order to better 

visualize the intensity variation .  

MATLAB command for image visualization : 
figure,surf(XAFM,YAFM,ZAFM,recoveredfluoimage,'EdgeColor','none','L
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ineStyle','none','FaceColor','interp','EdgeLighting','none','FaceLi

ghting','gouraud'); 

MATLAB script for matrix pixel-real dimension conversion : 

D = readgwychannel(fileAFM,0);  

xreal = getfield(D, 'xreal'); 

yreal = getfield(D, 'yreal'); 

Xres=getfield(D,'xres'); 

Yres=getfield(D,'yres'); 

xrealmicron=xreal*1e6; 

yrealmicron=yreal*1e6; 

Dsurf=surf(D.data); 

Xdata=Dsurf.XData; 

Ydata=Dsurf.YData; 

Zdata=Dsurf.ZData; 

X = double(Xres); 

Y = double(Yres); 

Xreal=xrealmicron*Xdata./X; 

Yreal=yrealmicron*Ydata./Y; 

Zreal=Zdata*1000000; 

figure,surf(Xreal,Yreal,Zreal,recfluo,'EdgeColor','none','LineStyle

','none','FaceColor','interp','EdgeLighting','none','FaceLighting',

'gouraud'); 
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Atomic Force and Fluorescence Microscopy investigation of 

Lactobacillus rhamnosus type I toxin 

Introduction 

The genetic information, in addition to being contained in the bacterial chromosome, can 

be also contained in plasmid, small circular DNA molecule capable to replicate 

independently. They do not accommodate any of the set of core genes needed by the cell 

for basic growth and multiplication, but rather carry genes that may be useful periodically 

to enable the cell to survive to particular environmental situations. Among the genes, 

usually encoded onto plasmids, there are those that confer resistance to antibiotics, to a 

number of toxic heavy metals and  virulence determinants that permit invasion of and 

survival in animal systems and functions that enhance the capacity to repair DNA damage 

1. Despite their extrachromosomal status, bacterial plasmids are stably maintained in the 

bacterial population. The stable maintenance may be due to a high copy number of the 

elements in each bacterial cell. However, in low-copy-number plasmids, stable 

inheritance depends on the presence of systems that  prevent the formation of plasmid-

free progeny: a site-specific recombination systems, an active partition process and 

plasmid addiction systems 2. 

The ParA/B systems are responsible for active partition process among bacteria and it 

consists of only two proteins, ParA and ParB, that drive the transport and equipartitioning 

of low-copy-number plasmid. ParA is an ATPase that dimerizes and binds plasmid DNA 

nonspecifically upon ATP binding. Multiple copies of ParB bind to a cis-acting DNA 

sequence named ParS and stimulate the ATPase activity of ParA upon interaction. Several 

mechanisms underlying the ParA/B-driven spatial patterns have been proposed however 

the exact mechanism is still  unclear3. 

Independently of the processes that increase the probability of receiving a plasmid  by a 

dividing cell, there are very special strategies adopted by plasmids preventing plasmid-

free segregants from surviving. 
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The idea of an “addiction” mechanism leading to very efficient plasmid maintenance 

comes from Koyama 4 . He pointed out that if cells that lose an established plasmid die, 

the population would never contain viable cured cells. 

Terms  like killer  system, killing-antikilling,  post-segregational killing,  toxin-antitoxin, 

poison-antidote, plasmid addiction system or programmed cell death are all used to 

describe the situation when the host cell is selectively killed if it has not received any copy 

of the plasmid. The molecular basis of such regulated killing mechanism requires the 

existence of at least two plasmid genes: one specifying a stable toxic agent and another 

coding for an unstable factor which prevents the lethal action of the toxin 5. Currently, TA 

systems are assigned to five classes (I–V) according to their genetic structure and 

regulation. In type I and III TA modules the antitoxins are small noncoding RNAs, while the 

antitoxins of the other TA classes are small proteins 6. 

Type I TA 

Two examples for type I TA systems that were discovered in the 1980s and have been 

studied in great detail are located on plasmids, hok/Sok in E. coli and fst/RNAII in E. 

faecalis. 

The first type I toxin-antitoxin  module discovered was the Hok-Sok system of R1 plasmids 

through the characterization of a locus that stabilized various gram-negative bacteria 

plasmids 5. 

This locus codes for three genes, hok ,sok and mok (figure1). 

The Hok toxin is a 52 amino acids  membrane protein whose overproduction kills bacteria 

by damaging the inner cell membrane. The damaged membrane leads to efflux of small 

molecules, in particular, ATP, conferring rapid cell death 7. 

The sok gene (suppression of killing) codes for a 64 nucleotides (nt) antisense RNA 

complementary to the Hok mRNA leader region. Sok-RNA is an unstable molecule 
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constitutively expressed from a relatively strong promoter. On the contrary, Hok mRNA is 

very stable and is constitutively expressed from a relatively weak promoter 7. 

The mok (modulation of killing) reading frame overlaps extensively with hok-RNA, and it is 

required for Hok translation (Figure 1): the ribosome translating Mok continues to the 

end of the mok reading frame, thereby exposing the hok translation initiation region and 

allowing a different ribosome to be loaded there 8. 

The hok mRNA exists in two forms (Figure 1): the first one appear right after transcription 

and is denoted full-length hok mRNA. In this configuration the 5’ and 3’ end are paired 

and the Shine-Dalgarno sequence of hok (SDhok) is sequestered by the dcb (downstream 

complementary box) and the antisense RNA recognition element in hok mRNA (sokT) is 

not accessible to antitoxin. Under this configuration the mRNA is translationally inactive 

and binds the antisense RNA very inefficiently. Since the mRNA is inert, it can accumulate 

inside the host cells without killing it, and simultaneously avoids inactivation due to the 

antisense RNA binding. 

A second configuration of the hok mRNA is generated by slow 3’ processing of the full-

length mRNA (Figure 1). The 3’ processing leads to removal of the 40 terminal nucleotides 

of the full-length mRNA , which disrupts the 5’-3’ pairing triggering refolding of the mRNA 

5’. The refolding of the 5’ end of hok  mRNA was accompanied by significant structural 

rearrangements in the translation initiation regions leading to a stem-loop structure 

formation with sokT on the apex. Sok RNA  recognizes sokT via its 5’ single-stranded 

region by a one-step binding mechanism. After the initial recognition reaction between 

the RNAs, they form a more extensive duplex 2. Since the duplexes are rapidly cleaved by 

RNase III, antisense RNA binding confers irreversible mRNA inactivation and decay 9. 
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Figure 1. Schematic genetic organization of the Hok-Sok locus (top). Mok (green box) and Hok (dark blue box) are 

transcribed by the same promoter(-35 is the black line and the -10 is the dark red line). Sok RNA (Red box) is transcribed, 

from an mok internal promoter, in the opposite direction. The full length Moc-Hok RNA is folded in an inactive 

structure(bottom, blue structure). upon, partial degradation the RNA reorganize and exposes the antisense RNA 

recognition element on the top of the hairpin and the Hok SD (light gray box), leading to Mok and  Hok toxin 

production(blue and green oval). In presence of the Sok RNA (red structure)the sokT region lead to assembly of the two 

RNAs molecule leading to duplex formation and degradation of the complex. 

 

The par post-segregational killing locus present on E. faecalis plasmid pAD1 was the first 

Type I toxin-antitoxin system described in Gram-positive bacteria 10. 

The par RNAs (RNA IpAD1 and RNA IIpAD1) are convergently transcribed and share a 

bidirectional intrinsic terminator that comprises 35 bp (Figure 2), providing a region of 

complementarity at which the two RNAs can interact11. A second region of 

complementary  is constituted by the presence of a pair of direct repeats,  DRa and DRb. 

Both sequences are essential for proper regulation of Fst pAD1 toxin translation 10. 

In contrast to hok, RNA I pAD1 does not appear to adopt alternate structures that control 

RNA interaction, degradation, and translation. RNA I pAD1 possesses two  structures, 5'- 
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stem-loop (SL) and 5'-Upstream helix (UH) impacting par pAD1 function. 5'-SL is a stem-loop 

that is postulated to temporarily inhibit ribosome binding, sequestering the SD, until the 

terminator loop is transcribed 11. 

The 5'-UH sequesters the 5' nucleotides from digestion by cellular RNases increasing its 

life time 10. The binding of the two RNAs molecule is initially mediated by the terminator 

loops and then the pairing region is extended to the DRa and DRb repeats (Figure 2), 

sequestering the initiation codon, interfering with ribosome binding, and inhibiting 

translation of the toxic peptide  Fst pAD1 
12. In contrast to hok/sok system, the interaction 

of the parpAD1 RNAs leads to stabilization and accumulation of the RNA IpAD1-RNA IIpAD1 

complex. The lower stability of RNA IIpAD1 suggests that it is preferentially removed from 

the complex and degraded. However, clear evidence relative to this mechanism are still 

unknown 11. 

Since in vitro results suggest that the complex does not spontaneously dissociate the RNA 

IIpAD1 removal must be active,  and could involve RNA helicase and/or targeted RNase 

action 11.  
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Figure 2. Schematic genetic organization of the par locus (top). RNAI (blue box) and RNAII (dark blue box) are transcribed by 

inverse promoter (-35 is the black line and the -10 is the dark red line)  in a convergent direction with a common terminator 

region (triangle).RNAI is able to fold in a unique structure leading to expression of Fst toxin (blue oval). In presence of RNAII 

the shared terminator (located on the RNAI and RNAII hairpin apex) mediate the first binding event that subsequently leads 

to an extended RNA duplex formation thanks to two complementary sequence (black segments). 
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Toxin effect 

Typical type I toxins are very small hydrophobic peptides. All currently known 

hydrophobic type I toxins have an identical predicted or experimentally confirmed 

secondary structure containing an α-helical transmembrane domain and are supposed to 

be localized in the cell membrane 13.  

It has been demonstrated that overexpression of Hok leads to formation of ‘ghost’ cells, 

which are characterized by condensed cell poles and a centrally located clearing resulting 

in cell death 5. For this reason, Hok proteins are usually supposed to kill cells by causing 

irreversible damage to the cell membrane. In accordance with this observation, Hok 

overexpression leads to the collapse of membrane potential, respiratory arrest, and both 

efflux and influx of ions and small molecules 2. Overexpression of the pAD1-encoded Fst 

toxin from E. feacalis 14 is not only toxic in its original host but also in several bacilli, 

including B. subtilis and in S. aureus 15,16. 

Toxicity can also be detected in E. coli, when the 5’ SL of fst mRNA is deleted 17, indicating 

that Fst does not have a host-specific target.  

Fst overproduction in both B. subtilis and E. coli, causes an elongation of cells due to the 

inhibition of cell division at an early time point, in S. aureus the division septa remains 

structurally incomplete, E. faecalis misplaced septa generates daughter cells with little or 

without DNA, indicating a segregation defect 15.  

Recently, it was proposed that Fst induces upregulation of energy-requiring membrane 

transporters (pumps), although very different physiological alterations has been observed 

under Fts overexpression, the condensation of the nucleoid represents a common and 

relevant effect detected in all four bacterial species 15.  
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Lactobacillus rhamnosus TA system 

The L. rhamnosus TA locus was identified as overexpressed sequence in a set of genes 

related to the growth of L. rhamnosus in a cheese-like medium identified by cDNA-

amplified fragment length polymorphism (cDNA-AFLP)18. 

By means of bioinformatics tools, two small convergently transcribed RNAs (RNA I and 

RNA II),  were identified. 

RNA I encodes a 29 amino acids hydrophobic peptide with a putative role of toxin  named 

Lactobacillus plasmid toxin (Lpt) displaying high similarity  with Fst pAD1 toxin (E = 2 × 

10−17). Both RNA I and RNA II contain a 24 nt highly complementary sequence (DR) that 

may be involved in molecular interaction. Secondary structure prediction of RNA I and 

RNA II suggests folds which are similar to those proposed for toxin and antitoxin RNAs in 

the Fst TA system. In the structural model of the Lpt-encoding RNA  a putative UH is 

identified at the 5′ end, followed by a SL region that includes most of the RBS sequence. 

The RNA I DR sequence includes the Lpt start codon and is located in a paired region 

characterized by a low pairing stability, whereas the antitoxin RNA II DR sequence is 

mainly located in a single stranded region (Figure 3 ). By analogy with the Fst TA system, 

the authors suggest that the Lpt toxin synthesis is controlled by two different mechanisms 

of translation inhibition: an intramolecular regulation involving SL region capable of 

targeting the RBS sequence, and an intermolecular mechanism mediated by the 

interaction between complementary DR sequences of RNA I and RNA II 18. 
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Figure 3. Schematic genetic organization of the lpt locus (top) resembling the par loculs. RNAI is able to fold in a unique 

structure leading to expression of Lpt toxin (blue oval). As for the par system,  presence of RNAII molecule could lead to a 

repressive RNA complex but the molecular mechanism is yet to be defined.  

 

 

Research purpose 

Having regard to the good level of similarity between Lpt and Fst I studied the expression 

effect of Lpt in order to understand the effect of this peptide. L. rhamnosus  lacks efficient 

expression vector with a very low basal expression level. This is a key feature due to the 

strong selective pressure exerted by expression of a toxic protein, even at small 

concentration. 

Therefore I choose to study  the effect of overexpression of the Lpt protein in E. coli 

c41(DE3) strain. 

E. coli C41 is frequently used to overcome the toxicity associated with overexpressing 

recombinant proteins using the bacteriophage T7 RNA polymerase expression system19. 
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Result  and Discussion 

In order to employ the C41 expression strain, the protein has been sub-cloned from 

pSRKKm to pET 11b+. 

Similarly to the observations in DH10b strain, the expression of the toxin in C41 strain 

caused a delayed cell growth with respect to C41 cells without plasmid (Figure 4A). 

Given the negative effect on the membrane integrity and on the nucleoid morphology of 

the Lpt sequence analogue, I analyzed the impact of the toxin expression by means of 

Atomic Force and fluorescence microscopies. 

In the majority of the cells imaged, the expression of toxin caused the appearance of a 

central clear zone in bright-field images resembling the “ghost cell” produced by Hok 

expression. Nucleoid localization inside the cells, was determined by staining the sample 

with DAPI (as described in Materials and Methods chapter). 

The images acquired with the fluorescence microscope revealed that the nucleoid is  

located exactly in the translucent zone and is considerably compacted with respect to the 

non-induced control. In the non-induced sample there is a great variability of the 

calculated areas, while after induction the nuclei are compact at an average value of 78 

pixels2.   

In order to detect membrane integrity defects, I used a combined Ethidium bromide/ 

DAPI staining with subsequent AFM cell analysis. 

Ethidium bromide is known to be excluded from cells with intact membranes staining only 

nucleic acids inside damaged cells 20. Conversely, DAPI can permeate both intact and 

damaged cells where it binds the DNA minor groove. Staining has been optimized in order 

to detect the nucleoid compaction by avoiding DAPI and Ethidium bromide signal 

overlapping.  
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Figure 4. A)Growth curve of C41 wt and C41lpt containing strains(IPTG wa added at the arrow indicating point).B) bright-

filed images taken 1 hour after Lpt induction. it’s clearly visible the central transparent region. C)  overlapped  bright-

filed(gray)-florescent(blue) images taken 1 hour after Lpt induction. D) overlapped  bright-filed(gray)-florescent(blue) 

images of the pre-induction C41lpt strain. E) Histograms of the detected nucleoid areas. The non-induced nucleoid(black 

bricks) occupies a large distribution of values, spanning from 350 to 830 pixels
2
. The 1 hour  induced sample diplay a peak 

distribution centered on a 78 pixel
2
 value indicating at least a five-fold decreasing in nucleoid occupied area. 

 

This analysis revealed that the Lpt expression caused a relevant  Ethidium bromide entry 

into the cells up to two hours after the toxin induction. Interestingly, after three hours of 

induction, the permeability of the cells is comparable to that  the pre-induction state, 

with a clear predominance of cells that did not internalize Ethidium bromide. 

In order to rule out that the return to pre-induction state was not due to the loss of 

efficacy of the inducer, IPTG was added every hour after sampling at a final concentration 
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of 1 mM. Independently of this precaution, the majority of the bacterial cells were able to 

recover membrane integrity after three hours.  

 

Figure 5. A) fluorescence image of E. coli c41 collected before induction; B) after 1 hour of induction; C) after 2 hour of 

induction and D) after 3 hour of induction of the Lpt petide. in all the sample the cells were stained with DAPI and Ethdium-

bromide. 

 

Given the high compaction frequency of the nucleoid and the subsequent recovery of 

membrane integrity after three hours, it is possible that the toxin induction causes a 

reversible stalemate of bacterial growth rather than death. Similarly to Hok toxin, Lpt 

expression could cause membrane pores that dissipate the proton motive force (PMF), 

expression of the phage shock proteins (Psps) and proteorhodopsin can buffer the 

negative effect of toxin expression 21,22. 
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In order to reveal pore-like structure on the cellular surface, I employed the high surface 

resolution of AFM.  

AFM images demonstrated that the translucent zone was actually a depression of about 

40-60 nm. 

Thanks to the coupling of fluorescence microscopy with AFM, it was possible to exactly 

correlate the permeability differences with a change in morphology(Figure 6); the cells 

that incorporate more Ethidium are found to be 'deflated', with a height below 100nm, 

and exhibit the highest degree of surface deformity visible as 'holes-like structures' 

(Figure 7). 

 

Figure 6. Atomic force(A) and flurescence microscopy (B) of  C41 Lpt cells after 1 hour form the induction and stained with 

DAPI and Ethidium bromide. On the bottom it is reported the profile of three cells displaying a high (C); an intermediate D) 

and low E) degree of red fluorescence 
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Figure 7. Atomic force three dimensional data integrated with fluorescence microscopy image of a C41 Lpt exhibiting high 

morphological damage (blebs ad 'holes-like structures') coupled with a high level of Ethidium-bromide fluorescence(top), 

magnification of the  marked area displaying holes-like structures indicated from the white arrows (bottom). The values on 

Cartesian axes are expressed in micrometers. 
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Probably these cells produce a greater amount of Lpt peptide that damages not only to 

the internal but also to the external membrane, leading to the bacterium death. 

Cells that have the compact nucleoid structure and lower Ethidium-induced fluorescence 

were 150-200 nm tall with deformations similar to blebs, usually associated with the 

action of antimicrobial peptides 23. Since no 'holes-like structures' were observed on the 

surface of these cells, possible defects could occurred in the internal membrane. 

Interestingly, cells that did not show induction signs showed a very similar morphology to 

that described in Chapter 3 with a central ridge  overlapped by the fluorescence signal. 

Conclusion 

Both AFM and fluorescence microscopy images suggest that the Lpt toxin acts at the 

membrane level, causing an alteration of membrane integrity, perturbation  of the 

membrane permeability and formation of blebs and 'holes-like structures' that, in most 

cases, leads to cell death figure. 

A reversible collapse of the nucleoid structure was also detected. This phenomenon has 

already been  observed in other toxins even if the molecular mechanisms have not been 

studied. Nucleoid compaction may be a passive phenomenon due to the exit from the cell 

of essential elements, such as Mg2+ or Ca2+, or the perturbation of the correct localization 

of proteins critical in  nucleoid  proper folding.   
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Materials and methods 

Lpt subcloning 

The coding sequence of Lpt peptide was extracted form pSRKKm-lpt plasmid using the 

restriction enzyme NdeI-BamH1 (New England Biolabs) and ligate with a pET 11b(+) 

plasmid previously digested with the same restriction enzyme. the ligation was used to 

transform Escherichia coli (DE3) C41 strain by electroporation. the verification of the 

presence of the Lpt peptide was confirmed by colony PCR using T7 universal primers. 

Sample preparation 

A starter culture of Escherichia coli DE3 c41(Lpt) was obltein from an over-night LB growth 

culture from stab. The starter culture was diluted at an OD600 of 0,06 to restart the growt. 

The production of Lpt protein was induced at an OD600 of 0,2. After one to three hours 2 

mL of culture were collected at 13K rpm for 1 minute, washed 3 times with 2 mL of PBS 

1X and then suspended in 100 L of PBS. For cell staining the cells were incubated with  

10g/mL of DAPI (4',6-diamidino-2-phenylindole) for 5 minutes alone or in combination 

with 10g/mL of Ethidium-Bromide. After incubation, the cell volume was carried  to 1 mL 

with PBS 1X and washed twice with PBS 1Xpellets after the last centrifuge is resuspended 

in 50L of PBS 1X.  

A volume of 50 L of this solution was deposited onto a pre-functionalized glass coverslip 

(as described in the materials and method in chapter 3). I refer to the paragraph materials 

and methods in the chapter for the part of microscopy and image processing.      
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