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Bacteria versus humans 

“If you don't like bacteria, you're on the wrong planet.”  Stewart Brand 
Bacteria were most likely the first form of life on earth [240] and later 

during evolution a symbiosis of eukaryotic cells and a bacterium (alfa-
proteobacteria) took place resulting in mitochondria in eukaryotic cells. 
Mitochondria have their own DNA, and the high similarity to bacterial DNA 
resulted in the discovery of this symbiosis [240]. 

The size of a bacterial genome varies from 580.000 to 13.6 million 
nucleotides and commonly consists of one circular piece of DNA. The human 
genome is roughly thousand times larger and comprises approximately 3 
billion nucleotides that are divided over 23 chromosomes. The human genome 
was sequenced per chromosome (see [173] for a nice overview). The bacterial 
genome has roughly 600 to 6,000 protein coding regions (genes) and the 
human genome has around 24,000 protein coding regions. This enormous 
difference in genome length is partially because of the more complex form of 
life, the presence of introns (non-coding regions) in the human genome, and 
probably a more complex regulation mechanism for gene expression. 

We have approximately 10x more bacterial cells in our body than 
human cells [14]. Bacteria in our gut are essential for our food digestion; they 
digest fibers and synthesize vitamins. Many researchers are currently 
examining the effect of our gut microorganisms on our immune system and 
general health [61]. 

Bacteria can be either beneficial or harmful to humans. However, most 
people only think of the harmful aspects of (a few) bacteria. Here, some 
examples of benefits from bacteria (and microorganisms like yeast) will be 
mentioned. Food fermentation by microorganisms was first used to prolong 
the shelf life of food products; the acidification by lactic acid bacteria or the 
ethanol formation by yeast are examples of food conservation. Nowadays 
these processes are better understood and extensively used. Food 
preservation is still important, but also the continuous availability of food, 
refrigerators, pasteurization, and better storage conditions are beneficial for 
safe food. Fermentation is now mainly done to change the texture, taste, and 
flavor of starting materials like milk into yogurt or cheese and cereals into 
bread or beer. 

We can also benefit from microorganisms for enzyme production (for 
example enzymes for laundry detergent) and for the production of flavor 
compounds by bacteria instead of extracting them from plant-based material 
(like the molecule valencene for the orange taste). And microorganisms can 
help in the transition towards a more bio-based-economy (for example to 
produce starting materials to make bioplastics [192]. 
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Bacteria can harm us by means of food spoilage (Bacillus cereus for 
example) and via infectious disease (for example Streptococcus pneumonia or 
Staphylococcus aureus). When bacteria are in the news it is most of the time in 
a negative context due to the growing resistance of pathogenic bacteria to 
antibiotics. 

Bacteria in general 

The first bacteria were discovered by the Dutch optician and biologist 
Antonie van Leeuwenhoek in the 1670’s with his home-made microscope and 
he called them animalcules, beesjes, or cleijne schepsels [49]. Ehrenberg 
described the bacterium Vibrio subtilis in 1835, but Cohn renamed it to 
Bacillus subtilis in 1872 [49]. It was isolated by soaking hay in water and then 
boiling the water [11]. 

Robert Koch was the first to discover that a bacterium, B. anthracis, 
can cause a disease, reported already in 1877. He isolated bacteria from an 
animal that died due to anthrax and infected a mouse with these bacteria, 
causing anthrax as well. In fact, with his observation of the growth, division, 
and sporulation he was most probably the first to do a time-lapse microscopy 
experiment [49]. 

The size of bacteria ranges from 0.5 – 5 micrometer. Bacteria are 
classified into two types: Gram-positive and Gram-negative. The Gram-positive 
bacteria have a lipid bilayer as cell membrane and a thick cell wall consisting of 
peptidoglycan. The Gram stain (crystal violet dye) binds well; that is why they 
are called Gram-positive. The Gram-negative bacteria have a thin 
peptidoglycan layer and an additional outer membrane to which the Gram 
stain does not bind well. 

Bacillus subtilis and Escherichia coli, which are Gram-positive and 
Gram-negative, respectively are used a lot to study cell biology and gene 
regulation. These bacteria are still used to study various biological processes. 
One advantage of using bacteria is that their cell division is fast (30-60 
minutes). And many genes, for example for glucose metabolism and the 
tricarboxylic acid cycle, are conserved among species during evolution, so 
bacterial knowledge can be ‘extrapolated’ to larger organisms. 

Brief Bacillus history 

B. subtilis has been studied extensively as a Gram-positive model 
organism during the last 50 years [78,108]. It is a rod-shaped, aerobic, and 
endospore forming bacterium that is found in soil, water, human microbiota, 
and in the surrounding of plants. B. subtilis is Generally Recognized As Safe 
(GRAS). Many Bacillus species, in particular the closely related B. licheniformis 
and B. amyloliquefaciens have good protein secretion capacities and are 
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therefore widely used in industry for the production of enzymes (such as 
amylases and proteases). 

The complete B. subtilis genome sequence of strain 168 consists of 
4,241,810 nucleotides and about 4,100 protein-coding regions [108]. However 
a resequencing project yielded a B. subtilis genome with 4,215,606 nucleotides 
where small changes have been reported in 923 genes and 3323 genes were 
identical [11]. 271 genes were identified as essential when single gene 
knockout strains were grown on LB medium. Roughly half of the essential 
genes were involved in information processing, 20% in cell wall synthesis, cell 
shape and division, and 10% in energy production. Most of those genes were 
found in a wide range of bacteria and 70% of those genes were also found in 
Archaea and Eucarya [101]. Many wild isolates of B. subtilis also contain a 
plasmid, e.g. B. subtilis NCIB 3610 [104], which was isolated in Marburg, 
Germany around 1930 and is the undomesticated ancestor of B. subtilis 168 
[236]. 

The main metabolism route of B. subtilis is the glycolytic pathway in 
combination with the tricarboxylic acid cycle [108]. The activity of the 
tricarboxylic acid cycle is low when glucose is present; glucose is metabolized 
to pyruvate and acetyl-CoA and secreted as acetate (see [139] for an extensive 
metabolomics overview). This is called overflow metabolism [139]. When 
glucose or glycolytic substrates are exhausted the cell can import acetate or 
intermediates of the tricarboxylic acid cycle and continue growth via the 
gluconeogenic pathway [195]. 

B. subtilis is capable of various ways of cellular differentiation: 
competence development, motility, and sporulation. Natural competence is 
the ability to take up extracellular DNA and integrate it into the chromosome 
and this ability makes genetic modification fairly easy. Motility and chemotaxis 
are mechanisms for the cells to move to a new environment where nutrients 
might be available again [108].  Sporulation is a last resort measure when the 
cells face starvation and when the secretion of proteases, amylases, and 
antibiotics or moving to another environment did not result in the availability 
of nutrients [57,108]. Sporulation of B. subtilis means the formation of heat- 
and stress-resistant dormant cells that wait for more favorable times. 

Bacteria are unicellular organisms, but they can also behave like 
‘multicellular’ organisms, e.g. when organized in biofilms. Biofilms have a 
complex structure, with a hydrophobic surface and differentiating cells: some 
cells produce exopolysaccharide and others do not produce this matrix 
compound [213,220]. 

A nice systematic overview of gene expression under many different 
conditions has been made recently [25,152]. 
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Organization inside bacteria 

Only since the last 15-20 years it is known that bacteria have a 
cytoskeleton, consisting of FtsZ (a tubulin homologue) and MreB (an actin 
homologue) [58,133]. This cytoskeleton has a ring-like structure which is 
located next to the membrane. Bacteria have been seen as homogeneous 
filled vesicles, but since the first reports on protein localization this view is 
rapidly changing. Protein localization in Bacillus has been shown for the first 
time for DNA replication proteins at mid-cell in B. subtilis where the DNA 
strand is pulled through the machinery [117]. The Soj protein for chromosome 
segregation showed dynamic localization [134]. During the exponential growth 
phase CcpA showed localization towards the nucleoid (chapter 4). 

The different possibilities for cellular localization are: the mid-cell 
where the divisome is located, polar assemblies of chemotaxis proteins, 
cytoplasmic clusters which have been shown only in one bacterium for 
chemotaxis proteins, cytoskeletal elements or polymeric structures of FtsZ and 
MreB, and organelles like the periplasm in Gram-negative bacteria or the 
endospore in B. subtilis ([169]). It has been suggested that protein complexes 
might be the prokaryotic equivalent of organelles [96]. 

Protein localization is mainly realized via diffusion and capture where 
the protein diffuses through the cytoplasm until it adheres to its target 
protein. N-terminal tags on the proteins can also be important for localization, 
i.e. messenger signals to direct a protein to a certain location ref [169]. 
Another way of protein localization is via localized transcription and 
translation [119]. 

Lipid rafts have been discovered recently in bacteria and can localize a 
specific set of proteins in the membrane (an overview of lipid rafts is reviewed 
nicely [19]. 

The cytoplasm of organisms is a crowded environment (Figure 1). 20 
to 30% of the cytoplasm is occupied by macromolecules and the total 
concentration of RNA and proteins in E. coli ranges from 300-400 g/l [53]. One 
of the effects of crowding is that macromolecular associations are favored but 
diffusion rates decrease. In general, crowding is reducing the rates of 
biochemical reactions because those rates depend mostly on the speed at 
which the reaction components meet each other, i.e. they depend on the 
diffusion rate [53]. 
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Figure 1. Artist impression of the Gram-negative bacterium E. coli representing the 
crowded cytoplasm [68]. In green the cell membrane is shown, in blue and purple the 
proteins in the cytoplasm are shown (mostly ribosomes; purple), and in yellow the DNA 
(nucleoid) is shown. The flagella are also shown in light green. 
 

Protein-protein interactions 

The main focus of this thesis is on protein-protein interaction studies. 
Furthermore gene expression in ccpA mutant strains and gene expression 
during osmotic upshift will be studied. Bacterial flagella are a well-known 
example of a protein complex. In total, flagella consist of approximately 580 
protein copies comprising 35 different proteins plus approximately 2,000 
copies of FliC for the tail [127]. The flagella structure has been shown by cryo-
electron microscopy [239]. Protein complexes might be the prokaryotic 
equivalent of organelles [96,231] and in the described studies carboxysomes – 
carbon fixing protein complexes – were shown to exist in Synechocystis spp by 
using electron microscopy. Another example of protein-protein interactions is 
the metabolon, which has been suggested to be important for substrate 
channeling to prevent diffusion of intermediates, fast turnover of unstable or 
toxic intermediates, and continued flux of individual pathways. These 
metabolons might be transient in response to metabolic needs [38,143]. The 
crystal structure of the tryptophan synthase complex from Salmonella 
typhimurium shows the site for substrate channeling [87]. A glycolytic enzyme 
complex of 5 proteins in human red blood cells has been shown to exist by 
sequential use of antibodies and colocalization studies with fluorescence 
microscopy [26]. 

Most experimental evidences for protein complexes have been 
obtained via cross-linking studies and subsequent in vitro analysis. A 
glycosome in B. subtilis has been suggested to occur after cross-linking and 
bacterial-two-hybrid experiments, but this involved only 3 glycolytic enzymes 
[33]. In the same study a RNA-degradosome consisting of 5 RNase proteins has 
been shown and the authors also showed cross-interaction of the glycosome 
and the RNA-degradosome where Enolase (ENO) might play a role in RNA 
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metabolism [33]. A complex of three tricarboxylic acid (TCA) cycle proteins 
consisting of citrate synthase (CitZ), isocitrate dehydrogenase (Icd), and malate 
dehydrogenase (Mdh) has been found in B. subtilis [138]. The genes for those 
three enzymes are in one operon in B. subtilis. However, it is surprising that 
aconitase (CitB) was not found in this complex, but only as an interaction 
partner of Mdh [138]. In the TCA-cycle the enzymatic reaction of CitB is 
located between the reactions of CitZ and Icd. Recent work in mitochondria 
from beef heart showed a low-resolution crystal structure of a protein 
complex of Mdh, CitZ, and CitB, the possibility for substrate channeling is 
indicated there [230]. All three studies on these protein complexes suggest 
that these protein complexes facilitate substrate channeling [33,138,230]. 

Methods to study protein-protein interactions 

There are various methods to determine protein-protein interactions 
(for an extensive review see [13]) and a distinction between in vitro and in vivo 
methods will be made here. The advantage of in vivo methods is that the 
dynamics of the interactions can be studied. 

In vitro methods 

Crosslinking combined with pull down and mass spectrometry 

A method to screen for all interaction-partners of a protein of interest 
is formaldehyde crosslinking combined with pull down and mass spectrometry 
(MS). It is an extended version of affinity chromatography which showed false 
positive and false negative results [83]. To pull down the protein of interest it 
is labeled with a tag (His or Strep), the strain is grown to the growth phase of 
interest and then the strain is incubated in a formaldehyde solution to 
crosslink the protein of interest with its interaction partners. Subsequently the 
strain is lysed and with affinity purification the protein and its interaction 
partners are purified from the cell free extract. By boiling the sample the 
formaldehyde crosslinking is reversed and the proteins will be loaded on SDS-
PAGE followed by MS to identify the interaction partners [83]. The crosslinking 
method combined with MS is a nice starting point to identify interaction 
partners and the obtained information can be used for follow-up studies. 

Co-immunoprecipitation 

In a co-immunoprecipitation experiment the protein of interest can be 
purified with a specific antibody and subsequently precipitated. Proteins that 
interact with the protein of interest are also precipitated and can be identified 
by MS or Western blotting. However, this method can give false positive and 
false negative results, so control experiments are very important [13]. 
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Far Western blotting 

Far Western blotting is a modified version of normal Western blotting 
[30]. In normal Western blotting an antibody is used against the protein of 
interest which can be visualized using chemiluminescence. Far Western 
blotting can be used to show protein-protein interactions; first the protein of 
interest is loaded on SDS-PAGE, electrophoresis is done, the protein is 
transferred to a membrane and then the membrane is incubated with the 
potential interaction partner. This potential interaction partner must be 
purified first (for example via a His-tag). Visualization of the potential 
interaction partner can be done by radiolabeling that protein or by using a His-
tag specific antibody. However, this is an indirect method because it must be 
shown that both proteins have migrated to the same position on the blot. 

Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) can be used to measure binding 
constants or to identify binding partners. For an SPR experiment the protein of 
interest has to be immobilized on a gold surface in a flow cell and the potential 
interacting proteins or substrates will be flown through the flow cell. The gold 
plasmons (gold electrons) are continuously oscillated at the same frequency as 
an incident light wave [8]. When proteins or metabolites interact with the 
immobilized protein then the oscillation frequency of the plasmons will 
change and thereby the refractive index of the incident light changes. The 
angle of light reflection is measured continuously and shown in a graph. 

A method comparable to SPR is Isothermal Titration Calorimetry (ITC) 
which can also be used to study binding properties of protein-protein 
interactions; dissociation constants and the stoichiometry of a complex can be 
calculated from the obtained thermodynamic data (see for example [150]). 

In vivo methods 

Bacterial-two-hybrid 

The bacterial-two-hybrid method is derived from the yeast-two-hybrid 
method [209]. A bacterial-two-hybrid depends on the reconstruction of the 
adenylate cyclase enzyme which has been fused in two separate functional 
parts to the potential interaction partners [138]. When the two proteins of 
interest interact they will bring the two parts of the adenylate cyclase together 
which will become functional again. Adenylate cyclase synthesizes cAMP, and 
when the strain also contains a cAMP dependent promoter-LacZ fusion then a 
blue color can be easily observed on the colony level thereby proving the 
interaction [138]. However both bacterial-two-hybrid and yeast-two-hybrid 
are sometimes unreliable [67]. 
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Bimolecular fluorescence complementation 

Bimolecular fluorescence complementation (BiFC) is a kind of two-
hybrid [65,93]. The gene coding for the fluorescent protein (FP) is split in two 
parts and fused to the genes coding for proteins that are potentially 
interacting. When the proteins of interest interact they are in close proximity, 
thereby bringing the two parts of the FP together. The two parts of the FP will 
assemble and become a functional FP; measuring fluorescence is a proof of 
interaction. The advantage of BiFC is that the signal-to-noise ratio is high 
because there is only fluorescence upon interaction and different protein-
protein interactions can be studied at the same time when different color FPs 
are used [65]. Drawbacks of this method are that the maturation time of the 
FP is long, self-assembly of the two parts can occur which gives a false 
negative result, and the FP maturation is irreversible so dynamics of the 
interaction cannot be studied [65]. 

Förster Resonance Energy Transfer 

Förster Resonance Energy Transfer (FRET) is preferred over BiFC to 
study protein-protein interactions, because the dynamics of the protein-
protein interactions can be studied. FRET was first described by Theodor 
Förster in 1948 [200] and is applied in molecular biology since the widespread 
use of fluorescent proteins. FRET is the non-radiative energy transfer from an 
excited donor to an acceptor fluorophore. FRET has been a very important 
technique during this PhD-project and will be described in more detail below. 

Fluorescent proteins 

The Green Fluorescent Protein (GFP) was originally extracted and 
purified from the jellyfish Aequorea victoria by Osamu Shimomura in 1962 
[187]. The first heterologous expression of gfp was reported by Martin Chalfie 
in 1994 and he showed that no cofactors are necessary for fluorescence [29]. 
Roger Tsien and members of his lab have done a great deal of protein 
engineering to make GFP brighter, faster maturating, and to change the 
absorbance and emission spectra yielding CFP and YFP among others and 
clone FP variants from other organisms [183,208]. For a nice overview of GFP 
variants and GFP related activities the reader is referred to table 1 and figure 1 
in reference [39]. The impact of GFP and its variants on (molecular) biology has 
been enormous and resulted in the Nobel Prize in chemistry for Shimomura, 
Chalfie, and Tsien in 2008 (www.nobelprize.org). 

Many variants are based on the GFP from the jellyfish Aequorea 
victoria. DsRed and variants like mCherry originate from the coral mushroom 
Discosoma [183]. tagRFP and variants originate from the sea anemone 
Entacmaea quadricolor [137]. 
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Table 1. Characteristics of the fluorescent proteins used in chapter 3 [39]. Excitation 
(Ex) and Emission (Em) values are the wavelengths where excitation and emission are 
highest. ε is the molar extinction coefficient, the efficiency to absorb light and the 
quantum yield represents the percentage of absorbed photons that are emitted. 

Protein Ex (nm) Em (nm) ε (M
-1

 cm
-1

) Quantum 
yield 

Quaternary 
structure 

Cerulean 433 475 43,000 0.62 Monomer 

GFP 488 507 56,000 0.60 Monomer 

Venus 515 528 92,200 0.57 Monomer 

tagRFP 555 584 100,000 0.48 Monomer 

mCherry 587 610 72,000 0.22 Monomer 

mKate2 588 633 62,500 0.40 Monomer 

 
The large set of different FPs that is available nowadays brings a lot of 

possibilities for molecular biology like simultaneous labeling different proteins 
with different color FPs or FRET. The potential of FRET has been the 
motivation to engineer GFP [208]. FRET occurs in nature, in the jellyfish from 
which GFP has been isolated. In A. victoria the aequorin protein has a blue 
emission peak which is close to the excitation peak of GFP. Aequorin is a 
bioluminescent protein that needs Ca2+ to become luminescent [186]. GFP 
absorbs the blue emission from aequorin and emits the green light that is 
observed in the animal [208]. 

FRET to study protein-protein interactions 

FRET is the non-radiative energy transfer from an excited donor 
fluorophore to an acceptor fluorophore. Many articles about FRET call it 
Fluorescence Resonance Energy Transfer [65,93,95,106,207,217], but the F in 
FRET stands for Förster [2,151]. The use of Fluorescence does not reflect the 
radiation free character of the energy transfer. Energy transfer during FRET is 
based on resonance, i.e. oscillation at the same frequency: when an object 
oscillates, then a second object in close proximity can oscillate at the same 
frequency (Figure 2A). FRET is a physical phenomenon that can be explained 
by a Jablonski diagram (Figure 2B). The ground states of both fluorophores are 
shown at the bottom of Figure 2B, the donor is shown on the left. Donor 
electrons are transferred to another electron shell away from the nucleus 
upon excitation and when the electron returns to the ground state a photon 
can be emitted. Due to vibration, part of the energy is lost and that is the 
reason why the wavelength of the emission is always longer than the 
wavelength of the excitation (longer wavelength means lower energy, as 
represented by the arrow lengths in Figure 2B). Instead of losing the energy via 
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the emission of a photon the donor can also transfer its energy by means of 
resonance to a neighboring acceptor fluorophore (the pink arrow in Figure 2B). 

A nice overview of many FRET methods is given by Sun et al. and by 
Padilla-Para et al. [157,203]. 
 

 
Figure 2. (A) The principle of resonance in FRET can be illustrated with tuning forks: 
when one fork is excited it will oscillate and a second fork in close proximity can 
oscillate at the same frequency; called resonance (figure adapted from: 
http://www.photobiology.info/Experiments/Biolum-Expt.html). (B) Jablonski diagram 
to explain the physical basis of FRET. The diagram for energy states of the donor 
fluorophore is shown on the left and the one of the acceptor on the right. Upon 
excitation of the donor electrons will move away from the nucleus (blue arrow). There 
are three options to return to the ground state: fall back and emit a photon (green 
arrow), fall back without emission (radiation free, dotted green arrow), or resonance 
energy transfer to a nearby acceptor (pink arrow). The acceptor can emit a photon of a 
longer wavelength (red arrow). Figure from  
http://www.microscopyu.com/articles/fluorescence/fret/fretintro.html. 

 
There are three criteria for successful FRET. First, FRET can only occur 

when the donor and acceptor are in close proximity of each other (nanometer 
range). Second, the excitation spectrum of the donor should overlap with the 
absorbance spectrum of the acceptor. Third, the dipole-dipole orientation of 
the donor and acceptor should be aligned properly. 

There is an inverse 6th power relation of the donor and acceptor 
distance to the energy transfer efficiency [114]. Every FRET pair has its own 
Förster radius R0 which is defined as the distance between donor and acceptor 
where the energy transfer efficiency is 50%. R0 is around 5.0 nm for many FRET 
pairs (see also chapter 3) and therefore FRET is also called a spectroscopic 
ruler [200]. 
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The resolution in light microscopy is defined by the Abbe limit [81] and 
is approximately 250 nm for green light. That means that the resolution of 
FRET is roughly 50x higher than for normal fluorescence microscopy. 

The distance requirement of FRET makes it a very useful tool to study 
protein-protein interactions: typical protein radii are around 2 nm for proteins 
up to 50 kDa [55]. However, when two fluorescent proteins are fused to two 
different proteins of interest and the FPs are located on opposite sides of 
those interacting proteins then their distance is around 8 nm which is larger 
than R0. Therefore, structural data on the proteins of interest can be helpful to 
choose whether N- or C-terminal protein-FP fusions are more likely to keep 
the FP distance as small as possible and thus increase the chance of a 
successful energy transfer (see figure 1A in chapter 4 for an example). 

Intra- and intermolecular FRET 

There are two ways to utilize FRET: intramolecular FRET where both 
the donor and acceptor fluorophore are fused to the same protein or 
intermolecular FRET where the donor and acceptor fluorophore are fused to 
two different proteins (Figure 3). 

Intramolecular FRET can be easily detected via a spectrum scan; an 
increase in acceptor fluorescence upon donor excitation between two 
different experimental conditions is the evidence that donor and acceptor 
interact in one of the experimental conditions. This change in acceptor 
fluorescence can be caused by a conformational change of the protein of 
interest which alters the distance between donor and acceptor. An altered 
distance results in an altered energy transfer efficiency. Biosensors are among 
the applications of intramolecular FRET, for example for intracellular calcium 
concentration measurements [207]. Another example is the conformational 
change of the glutamate transporter GltPh which has been shown at single 
molecule resolution [56]. The advantage of intramolecular FRET is that the 
ratio of donor and acceptor is always 1:1. That is beneficial because all donor 
and acceptor copies are in the same situation (interacting or not), so there is 
no need for control experiments. 

Intermolecular FRET can be used to study protein-protein interactions 
and was the main method of interest during this PhD-project. However, a 
spectrum scan is not sufficient to determine the energy transfer efficiency in 
intermolecular FRET, because the acceptor fluorescence intensity does not 
directly reflect the interaction with the donor (a detailed explanation is given 
below in the sensitized emission section). 
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There are different ways to determine (intermolecular) FRET: FRET 
detection via sensitized emission, acceptor photo bleaching, and Fluorescence 
Lifetime Imaging Microscopy (FLIM). 

Sensitized emission 

FRET detection via sensitized emission was the main technique during 
this PhD-project. During FRET detected via sensitized emission the resonance 
energy transfer from an excited donor to the acceptor causes an increase in 
acceptor emission which can be measured [217](see the Jablonski diagram in 
Figure 2B and the representation in Figure 3). The spectra of donor and 
acceptor fluorophore must overlap to obtain successful energy transfer. 
However, because of this spectral overlap, the FRET efficiency is not a direct 
read-out from the sensitized emission experiment. Corrections have to be 
done for the spectral overlap of donor and acceptor: donor emission can 
contribute in the acceptor channel and acceptor can be excited directly by 
donor excitation light (bleed through). This need for corrections also causes 
noise in the final signals. The FRET efficiency in a sensitized emission 
experiment can be calculated from fluorescence images of three different 
strains; one strain with the protein of interest fused to the donor fluorophore, 
one strain with a second protein of interest fused to an acceptor fluorophore, 
and a third strain with both protein fusions present (chapter 3 and 4). 

The most important advantage is that there is no specialized 
equipment needed: a fluorescence microscope, where different excitation and 
emission filters can be used sequentially, is sufficient. 
 

 
Figure 3. Schematic representation of FRET detected via sensitized emission. (A) 
Intramolecular FRET with a large distance between donor and acceptor; FRET efficiency 
is low. (B) Intramolecular FRET where the donor and acceptor are in close proximity 
after a conformational change of protein X, the donor can transfer its energy to the 
acceptor; FRET efficiency is high. (C) Intermolecular FRET with two proteins of interest 
fused to fluorescent proteins. When protein X and Y interact they bring the donor and 
acceptor in close proximity and thus FRET can occur. (D) Intermolecular FRET with two 
proteins of interest fused to fluorescent proteins. When protein X and Y do not interact 
then the donor and acceptor are not in close proximity and FRET cannot occur. 
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FRET detected via sensitized emission is the method of choice in this 
PhD-project to investigate protein-protein interactions. 

FRET detected via sensitized emission has been used successfully to 
study protein-protein interactions. Protein kinase D fused to YFP was shown to 
associate transiently with the Na

+
/H

+
 exchanger regulatory factor 1 fused to 

CFP in live HeLa cells [107]. The anti-apoptotic protein Bcl-2 and the coiled-coil 
protein Beclin which regulates the activity of Bcl-2 are shown to interact in live 
COS cells (fibroblast cells) [69]. Proteins from the E. coli cell division machinery 
like FtsZ, FtsQ, ZapA, FtsN, FtsI, FtsW have been shown to interact by using 
FRET detected via sensitized emission [2], but that was done by a spectrum 
scan. The sensor for 2-oxoglutarate PII-PipX forms a complex when the level of 
2-oxoglutarate is low. 2-oxoglutarate is an intermediate of the TCA-cycle and 
by using protein-FP fusions of PII-CFP and PipX-YFP the concentration of 2-
oxoglutarate could be measured in vivo [31], however, this was done via a 
spectrum scan. 

However, FRET detected via sensitized emission is challenging due to 
the three strains that are necessary for image acquisition. Post processing of 
those images to calculate FRET efficiencies results in noise [165]. Rajapakse et 
al. circumvent this problem by using Luminescence Resonance Energy Transfer 
(LRET) instead; they use a luminescent terbium complex as a donor. The 
advantage is that no corrections for spectral overlap are necessary but the 
terbium complex has to cross the cell membrane first and the terbium 
complex only had affinity to dihydrofolate reductase (from E. coli), which limits 
the use of LRET [165]. 

Acceptor photo bleaching 

The donor fluorescence is quenched due to the interaction with an 
acceptor. When the acceptor is destroyed by photo bleaching it cannot 
quench the donor anymore. The resulting increase in donor fluorescence can 
be measured and used to calculate the FRET efficiency [95]. The disadvantage 
of acceptor photo bleaching is that it can only be used for a single time point 
because it is irreversible; once the acceptor is destroyed it cannot be used 
again. Therefore, acceptor photo bleaching is unsuitable to study the dynamics 
of protein-protein interactions, but it can be used to confirm sensitized 
emission data (chapter 3). 

Fluorescence Lifetime Imaging Microscopy 

The fluorescence lifetime is the time that a fluorophore resides in the 
excited state between excitation and emission. The fluorescence lifetime τ is 
defined as the time that is needed for the initial emission intensity of a 
population to decrease to 1/e (≈37%) and is typically within the nanosecond 
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range [115]. The most important advantage of FLIM in comparison with 
sensitized emission is that it is intensity independent, but specialized 
equipment is necessary for FLIM measurements. 

There are two ways to measure FLIM: via Time Domain (Figure 4A) or 
via Frequency Domain (Figure 4B) (see also chapter 4 and 5 in [112]). 

In Time Domain FLIM the sample is excited with a short pulse (the 
duration of the pulse must be shorter than the fluorescence lifetime of the 
sample) and subsequently the emission of photons is recorded as a function of 
time. The emission of photons is summarized in a histogram (Figure 4A) and 
the fluorescence lifetime can be measured from the histogram. However, this 
method is time consuming because most Time Domain devices use time-
correlated single photon counting (TCSPC) where only one photon per 
excitation pulse is counted and each point of the sample has to be excited 
sequentially [115]. 

In Frequency Domain FLIM the sample is continuously excited by an 
intensity modulated light source. Modulated means that the intensity of the 
excitation light follows a sinusoidal on/off pattern (black line in Figure 4B). The 
frequency is very high (40 MHz in chapter 3) to make sure that one period 
(dotted grey line in Figure 4B) is in the range of the fluorescence lifetime of 
the sample (grey line in Figure 4B). Excitation of the fluorescent sample with 
intensity modulated light means that the emission of the fluorescent sample 
will also occur with the same modulation frequency [113]. The fluorescence 
lifetime of the sample causes a delay in the fluorescence emission compared 
to the excitation (compare the black sinusoidal line (the excitation) with the 
dotted black sinusoidal line (the emission) in Figure 4B). This phase shift φ can 
be used to calculate the fluorescence lifetime. 

Every donor fluorophore has a typical lifetime, which is influenced by 
its surrounding. The presence of an acceptor fluorophore in close proximity 
can quench the donor fluorescence, i.e. make the donor fluorescence lifetime 
shorter. When two proteins of interest are fused to a donor or an acceptor 
fluorophore (like in Figure 3C,D) then FRET-FLIM can be used to study their 
interaction; if the donor fluorescence lifetime in a donor-only sample is longer 
than in other samples where the acceptor is also present then that is an 
indication that the two proteins interact. 
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Figure 4. (A) Basic principle of Time Domain FLIM. The fluorescence intensity of the 
donor is measured as a function of time after a short excitation pulse. The fluorescence 
lifetime is defined as the time when the fluorescence intensity decreased to 1/e of the 
initial intensity, and can be read-out from the histogram. (B) Basic principle of 
Frequency Domain FLIM. The excitation light source (black sinusoidal line) is 
modulated at a frequency that is higher (ten times in this figure) than the lifetime of 
the fluorophore under investigation. Fluorescence emission (black dotted sinusoidal 
line) is delayed compared to the excitation light: this phase shift φ is used to calculate 
the fluorescence lifetime. The dotted grey line represents one period and the grey line 
represents the lifetime of the sample. 

 
FLIM has proven its value for molecular biology. It has been used to 

study protein-protein interactions. A flavonoid metabolon in Arabidopsis 
protoplasts was shown by using FLIM. In that study it is suggested that loosely-
organized enzyme complexes can dynamically reorganize to redistribute 
pathway flux to fine tune the plants response to environmental and 
developmental stimuli [38]. FLIM has also been used to show the binding of 
histone 2B to DNA in fixed HeLa cells, therefore the histone was fused to GFP 
and the fluorescent molecule Sytox Orange was added to fixed cells. Sytox 
Orange binds to DNA and was able to shorten the fluorescence lifetime of GFP, 
which proves that histone interacts with DNA [36]. The interaction of two cell 
cycle dependent kinases, Sic1 and Clb, has been shown in live Saccharomyces 
cerevisiae cells [175]. The Ato proteins for ammonium signaling in the yeast 
plasma membrane have been shown to interact with each other. However, 
photo-bleaching was used to show the difference in donor fluorescence 
lifetime instead of using a donor-only fusion [199]. The transcription factor 
C/EBPα was shown to dimerize in live mouse nuclei via the leucine zipper part 
of the protein [204]. The auto fluorescence of cells differs from healthy cells to 
some kinds of cancer cells. Sometimes FLIM can be used for diagnosis of these 
unhealthy cells, for example in melanoma [181]. FRET-FLIM can be used to 
screen potential drugs for its effectivity, as has been done for example for a 
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potential drug against pancreatic cancer in a mouse model [153], here a drug 
specific biosensor was used. 
 

Next to the methodology presented in chapters 2 and 3, three 
biological systems in B. subtilis have been selected to be studied in detail. 
These biological systems are the interaction between CcpA and HPr (chapter 
4), the function of individual amino acids in CcpA (chapter 5), and the 
response of B. subtilis upon osmotic upshift (chapter 6). These biological 
systems will be introduced in the sections below. 

A case study: the interaction between CcpA and HPr studied 
with FRET 

Bacteria can metabolize a large variety of carbon sources, but glucose 
is the preferred one. When glucose is present in the medium then the genes 
coding for enzymes for the metabolism of other carbon sources are repressed. 
This repression is necessary to ensure that cells use their energy efficient and 
thus to allow rapid growth. CcpA and HPr are responsible for the activation of 
genes related to glucose metabolism and the repression of other genes [70]. 
When HPr is phosphorylated on Serine46 by HPrK/P it forms a complex with 
CcpA. This complex formation induces a conformational change in CcpA which 
is necessary to bind to catabolite responsive elements (cre sites) on the DNA 
and thus to regulate gene expression (Figure 5, [70] and chapter 4). Here, we 
will study the dynamics of the interaction of CcpA and HPr in live B. subtilis 
cells by using FRET. Do CcpA and HPr interact only during a specific part of the 
cell cycle? Does the interaction between CcpA and HPr occur in all cells in a 
culture? With fluorescence microscopy we will be able to study this on the 
single cell level. 

Recent work with fluorescently labeled LacZ showed quantitatively 
that E. coli cells which have more LacZ copies can grow faster, e.g. that 
metabolism is stochastic and causes phenotypic heterogeneity in the growth 
speed [97]. We will study whether there is also heterogeneity in the 
interaction between CcpA and HPr. 
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Figure 5. The mechanism of CCC. The intracellular concentration of fructose-1,6-
bisphosphate (FBP) increases during glycolysis. HPr is phosphorylated on its serine46 
by HPrK/P when the intracellular FBP concentration is high. HPr-Ser46-P can form a 
complex with CcpA which is necessary for CcpA to bind to the cre sites on DNA. Figure 
taken from thesis B.C. Marciniak (University of Groningen, 2012), which was inspired 
by [70]. 
 

Functional analysis of specific amino acids in CcpA 

The gene regulation by CcpA will be studied in more detail at the 
transcriptome level (chapter 5). Therefore, the following three amino acids in 
different functional domains of CcpA will be mutated. The methionine on 
position 17 which is involved in DNA binding will be changed into the positive 
charged arginine, the threonine on position 62 which is necessary for the 
conformational change of CcpA upon HPr-Ser46-P binding is located in the 
core protein next to the hinge helix and will be changed into histidine, and the 
arginine on position 304 which is important to contact HPr-Ser46-P will be 
changed into tryptophan [176]. 

B. subtilis’ response to osmotic stress studied at single cell 
level 

The natural habitat of B. subtilis is the soil, where it faces different 
levels of osmolarity [21]. In this study, we will only focus on osmotic upshift. 
The most important mechanism to cope with osmotic upshift is the uptake of 
compatible solutes like glycine betaine, proline, and ectoine from the medium. 
Compatible solutes are small molecules which can be taken up at high 
concentrations in the cell to counteract the effect of water outflow due to salt 
stress. B. subtilis has high affinity membrane transporters like OpuA, B, C, D, 



Introduction 

19 
 

and E for compatible solutes [229]. Another mechanism is the synthesis of 
compatible solutes; glycine betaine can be synthesized by B. subtilis from the 
precursor choline, which has to be imported. Proline can be synthesized from 
glutamate, which is the most abundant amino acid in B. subtilis. A nice 
transcriptome, proteome, and fluxome overview of B. subtilis upon 1.2M NaCl 
osmotic upshift has been made recently [103]. The main finding there is that 
enzyme activity decreases upon osmotic upshift due to the increased amount 
of intracellular potassium, but cells compensate this by increasing the gene 
expression. The metabolite flux has been found to be very stable and the 
redirection towards increased proline biosynthesis is only a small part of the 
total flux [103]. However, results cannot be compared directly with this work, 
because the 1.2M NaCl osmotic upshift used in that study is much higher than 
the 0.5 to 0.7M NaCl used in this study. 

In this study the heterogeneous response to osmotic upshift in an 
isogenic culture will be studied. Earlier work showed that the intracellular 
concentration of proline depends on the level of osmotic upshift and a large 
deviation was found at 0.6M NaCl [22]. We will study whether there is 
variation in the expression of the proline biosynthesis genes proHJ which are 
osmotically induced, upon different levels of osmotic upshift. Furthermore, we 
will examine whether the expression level of proHJ and thus the level of 
proline will influence the growth of B. subtilis (chapter 6). 

It is already known that bacterial cells can enter a dormant state upon 
environmental stress [129]. Dormant cells are metabolically inactive and 
insensitive to antibiotics. Here we will study whether B. subtilis becomes 
dormant upon osmotic upshift. 

Scope of the thesis 

In this thesis we have used the recent knowledge of B. subtilis and of 
fluorescence microscopy to study protein-protein interactions in live single 
cells. 

The use of Green Fluorescent Protein (GFP) has been very beneficial 
for molecular biology (to study gene expression and protein localization). 
Engineering of brighter GFP variants (Chapter 2) can be helpful to study the 
activity of weak promoters or low copy proteins. 

FRET was chosen as a method to study protein-protein interactions 
and we first tested the suitability of different fluorescent proteins as FRET 
pairs (Chapter 3). The dynamics of the interaction between Catabolite Control 
Protein A (CcpA) and the phosphocarrier protein HPr were studied in live cells 
at the single cell level by using FRET (Chapter 4). 

CcpA and HPr are the main regulators for the expression of genes 
involved in carbon metabolism. The favorite carbon source of B. subtilis is 
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glucose and CcpA and HPr take care of gene activation or repression in a 
mechanism called carbon catabolite control; i.e. only the necessary genes are 
transcribed for efficient growth. Point mutations were made in CcpA to study 
the function of specific amino acids. The subsequent gene regulation by these 
CcpA variants was studied at the transcriptome level (Chapter 5). 

The natural habitat of B. subtilis is the soil where it faces different 
levels of osmolarity during periods of rain or drought. Here we studied 
whether all cells in an isogenic culture respond in the same way or in a 
heterogeneous way to osmotic upshift (Chapter 6). 
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Abstract 

Green fluorescent protein offers efficient ways of visualizing promoter 
activity and protein localization in vivo and many different variants are 
currently available to study bacterial cell biology. Which of these variants are 
best suited for a certain bacterial strain, goal or experimental condition is not 
clear. Here, we have designed and constructed two ‘superfolder’ GFPs with 
codon adaptation specifically for Bacillus subtilis and Streptococcus 
pneumoniae and have benchmarked them against five other previously 
available variants of GFP in B. subtilis using promoter-gfp fusions. Surprisingly, 
the best-performing GFP under our experimental conditions in B. subtilis was 
the one codon-optimized for S. pneumoniae. The data and tools described in 
this study will be useful for cell biology studies in low GC-rich Gram-positive 
bacteria. 

Introduction 

The use of Aequorea victoria green fluorescent protein (GFP) and its 
derivatives has tremendously increased our insights in bacterial cell biology 
[197,210]. Because of the possibilities to examine protein localization or gene 
expression in live cells new improved variants of GFP appear regularly. 
However, in vivo benchmarking to demonstrate which GFP variant is best 
suited for which experimental setup is scarce. Here, we benchmark a set of 
commonly used GFP variants to analyze gene expression in the low GC-rich 
Gram-positive model organism Bacillus subtilis. 

B. subtilis is one of the best-studied micro-organisms that is able to 
differentiate into distinct cell types. It can form highly resistant spores, 
develop natural competence and motility, and secrete exoproteases 
[51,57,92,146,218]. Additionally it can form biofilms [20] for which, due to 
poor aeration, not all GFP variants might be suitable since maturation of GFP 
requires post-translational oxidation. 

GFP offers efficient ways of visualizing gene expression and protein 
targeting. It exhibits intrinsic fluorescence and is commonly used as reporter 
gene in intact cells and organisms [29,197]. For in vivo studies of weakly 
expressed genes, a strong GFP fluorescence signal is crucial. Since the initial 
publication of A. victoria GFP and its application for molecular biology [29] 
many mutants of the protein have been described with either modified 
spectral properties, increased fluorescence intensity or improved folding 
properties [35,159,174,182]. The number of possible GFP variants has 
increased, but the most suitable candidate remains to be selected carefully for 
the particular research question at hand. The suitability of a certain GFP 
variant for a specific experiment strongly depends on factors such as 
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availability of oxygen, cultivation temperature, pH of the environment, photo 
stability, spectral overlap, toxicity and multimerization [182]. 

Methods to achieve the most optimal fluorescence signal are not 
limited to modifications on the protein level. Important factors influencing 
protein expression levels besides transcription rate are mRNA stability, 
translation signals and codon usage in the gene [121]. For instance, highly 
expressed prokaryotic genes have a pronounced codon usage bias, 
significantly different from genes expressed at low levels [145]. Adaptation of 
the gfp gene to the typical codon usage of the host could have a major impact 
on its translation, resulting in more efficient protein production and folding, 
resulting in higher net GFP expression and thus fluorescence signal [74]. B. 
subtilis has a small variation in codon usage compared to other bacteria and 
therefore a different gfp variant might be optimal in different bacterial species 
(Table S1). The GFP variants characterized in this chapter have all proven to be 
successful in molecular biology. However, knowing which GFP variant gives the 
most optimal fluorescence signal in B. subtilis would be very helpful in 
optimizing experimental set-ups. 

In this work, we focused on benchmarking GFP for studying gene 
expression at the single-cell level. A previously characterized promoter and 
ribosome binding site were used to drive GFP expression. To assess gene 
activation accurately, it is important that the fluorescent signal appears 
immediately after induction. Therefore, we have also employed fast folding 
variants such as GFP+ [174] and superfolder GFP [159] and designed and 
generated vectors containing superfolder GFPs with codon usage adapted 
specifically for B. subtilis or S. pneumoniae. Interestingly, superfolder GFP did 
not give the highest fluorescence signals in B. subtilis liquid cultures, but was 
superior in both S. pneumoniae and L. lactis (these two bacterial species were 
also tested in the article, but their results are not shown in this chapter). More 
surprisingly was the finding that the gfp which was codon optimized for S. 
pneumoniae worked best in B. subtilis. Together, we provide a new GFP-
toolbox and knowledge as to which GFP variant to use for single-cell gene 
expression analysis in B. subtilis. 

Material and Methods 

Bacterial strains, plasmids, media and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 1. B. 
subtilis was grown at 37°C on Lysogeny Broth (LB) [171] solidified with 1.5% 
(w/v) agar, in liquid LB, or in Spizizen’s minimal medium [3] with shaking at 
200 rpm (see below). For induction of the Phyperspank promoter, 0.1 mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG) was used. 
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Escherichia coli DH5α or EC1000 were used as host for cloning and 
grown in LB medium at 37°C with shaking or on LB medium solidified with 
1.5% (w/v) agar. When required, the growth media were supplemented with 
the following antibiotics: 100 µg/ml ampicillin (Amp) for E. coli or 100 µg/ml 
spectinomycin (Spec) for B. subtilis. 

Recombinant DNA techniques and oligonucleotides 

Procedures for DNA isolation, restriction, ligation, agarose gel 
electrophoresis, and transformation of E. coli were performed as described 
earlier [171].  Plasmid DNA or PCR products were isolated and purified using 
the High Pure Plasmid Isolation Kit or the High Pure PCR purification kit, 
respectively (Roche Applied Science, Mannheim, Germany) according to the 
manufacturer’s instructions. Enzymes were purchased from New England 
Biolabs (Ipswich, MA, USA) and Fermentas (Vilnius, Lithuania) and used as 
described by the manufacturer. For PCR amplification, Phusion- and Taq DNA 
polymerase (Fermentas) were used. B. subtilis was transformed as described 
before [77]. Oligonucleotides used in this study are listed in Table 2 and were 
purchased from Biolegio (Nijmegen, the Netherlands) 

Codon optimization 

To design a gene encoding superfolder GFP [159] that is codon-
optimized for S. pneumoniae, we employed OPTIMIZER [163] using the 
genome of S. pneumoniae R6 as the reference and ensured that rare codons 
would never be used. Next, we ran simulations to generate more than 1000 
solutions of superfolder gfp with the desired codon usage (similar codon usage 
to highly expressed genes). The variant with the lowest free energy (delta-G0) 
value in mRNA secondary structure around the RBS was selected which 
potentially improves translation [42]. This gene was synthesized (Genscript 
USA Inc.; Piscataway, USA) and called sfgfp(Sp). The sequence for a codon-
optimized variant for B. subtilis was obtained from DSM Biotechnology Center 
(Delft, the Netherlands) and is called sfgfp(Bs) in this work. The DNA 
sequences of sfgfp(Bs) and sfgfp(Sp), as well as the other, previously described 
gfp genes, are deposited at NCBI (accession number KF410612 - KF410618). 

Construction of plasmids 

Plasmid pDR111 was chosen to express the gfp variants in B. subtilis. 
To construct derivatives of pDR111 [24] for B. subtilis, each carrying a variant 
of the gfp gene, a PCR with the primers GFP_NheI_fw and GFP_SphI_rv was 
performed using the plasmids pKB01_gfpmut1, pKB01_gfp+, pKB01_gfp+htrA, 
pKB01_gfp(Sp), pKB01_sfgfp(Bs), pKB01_sfgfp(Sp) or pKB01_sfgfp(iGEM) as 
templates. The amplified fragments were purified and subsequently cleaved 



Benchmarking GFP variants 

25 
 

with NheI and SphI and ligated separately in pDR111 digested with the same 
enzymes. This resulted in plasmids pDR111_gfpmut1, pDR111_gfp+, 
pDR111_gfp+htrA, pDR111_gfp(Sp), pDR111_sfgfp(Bs), pDR111_sfgfp(Sp) and 
pDR111_sfgfp(iGEM), respectively. 

The construction of the pKB plasmids, with RBS and terminators 
surrounding gfp, is described in the article corresponding to this chapter [155]. 
An IPTG inducible promoter is already present in pDR111. 

Construction of strains 

B. subtilis strains 168_gfpmut1, 168_gfp+, 168_gfp+htrA, 168_gfp(Sp), 
168_sfgfp(Bs), 168_sfgfp(Sp) and 168_sfgfp(iGEM) were obtained by double 
crossover recombination events between the chromosomal amyE gene of B. 
subtilis 168 [108] and the amyE regions in the plasmids pDR111_gfpmut1, 
pDR111_gfp+, pDR111_gfp+htrA, pDR111_gfp(Sp), pDR111_sfgfp(Bs), 
pDR111_sfgfp(Sp) and pDR111_sfgfp(iGEM), respectively. Transformants were 
selected on LB agar plates containing spectinomycin after overnight incubation 
at 37°C. Correct integration in the amyE gene was confirmed by lack of 
amylase activity upon growth of the strains on LB plates with 1% starch. 

B. subtilis growth and gfp expression 

gfp expression in B. subtilis was monitored as follows. LB medium with 
100 μg/ml spectinomycin was inoculated with one of the B. subtilis amyE::gfp 
strains directly from the -80°C glycerol stock and grown at 37°C while shaking 
at 200 rpm for 16 hours. The overnight cultures were diluted 1:50 to an 
approximate OD600 of 0.06 in 10 ml fresh Spizizen’s minimal medium without 
antibiotics. After growth for 2 hours at 37°C, expression of gfp was induced by 
adding 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After another 2 
hours of growth, the culture was washed with PBS and fluorescence intensity 
was measured both in a microtiter plate reader and by fluorescence 
microscopy (see description below). For the latter, cells were concentrated ten 
times by centrifugation after which 0.5 μL of cell suspension was spotted onto 
a microscope slide for the analysis. The slide carried a thin layer of 1% agarose 
(w/v) in PBS covered by a coverslip. 

Microtiter plate assays 

Cultures of B. subtilis were grown and prepared as described above. 
Growth and fluorescence was monitored in microtiter plates at 37°C with the 
following equipment and settings: Infinite 200 plate reader (Tecan Group Ltd.) 
with I-control™ 1.7.1.12 software (Tecan Group Ltd.), GFP filter set (Chroma, 
excitation at 485/20 nm, emission at 535/25 nm); GFP signals were collected 
as top readings with a gain setting of 70. GFP values were corrected for 
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background fluorescence, OD600 and negative controls (values of the wild type 
strains). The OD600 levels used were corrected for the background value of the 
corresponding medium that was used for growth. The calculation used to 
resolve the relative GFP intensities of the cultures is depicted by equation 1. 
 

(
𝐺𝐹𝑃𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟−𝐺𝐹𝑃𝑚𝑒𝑑𝑖𝑢𝑚

𝑂𝐷𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟−𝑂𝐷𝑚𝑒𝑑𝑖𝑢𝑚
) − (

𝐺𝐹𝑃𝑤𝑡−𝐺𝐹𝑃𝑚𝑒𝑑𝑖𝑢𝑚

𝑂𝐷𝑤𝑡−𝑂𝐷𝑚𝑒𝑑𝑖𝑢𝑚
)  equation 1  

Microscopy 

Cultures of B. subtilis were grown and prepared as described above. 
Images were taken with an Olympus IX71 Microscope (Personal DV, Applied 
Precision) using CoolSNAP HQ2 camera (Princeton Instruments, Trenton, USA) 
with a 100× phase-contrast objective. Fluorescence filter sets (excitation, 450 
to 490 nm; emission, 500 to 550 nm) used to visualize GFP were from Chroma 
Technology Corporation (Bellows Falls, USA). Excitation was done with an 
exposure time of 0.2 s and 32% transmission from a xenon light source (300 
W). Softworx 3.6.0 (Applied Precision, Washington, USA) software was used 
for image capturing. Cell segmentation in phase-contrast images was done 
with MicrobeTracker [190]. MicrobeTracker was also used to extract 
fluorescence intensity values from the fluorescent images. Cell-length 
distributions and fluorescence signal intensities were plotted using MATLAB 
R2011a. Fluorescence levels were corrected for background fluorescence of 
the medium. Calculation of phenotypic noise strength was done as described 
in [156]. 
 
Table 1. Bacterial strains and plasmids. 

Strains and plasmids Relevant properties Source or 
reference 

Strains   

E. coli DH5α F-, araD139, Δ(ara-leu)7696, Δ(lac)X74, 
galU, galK, hsdR2, mcrA, mcrB1, rspL 

Laboratory stock 

   

B. subtilis    

168 trpC2 [108] 

168_gfpmut1 168, amyE::Phyperspank-gfpmut1, Spec
r
 This study 

168_gfp+ 168, amyE::Phyperspank-gfp+, Spec
r
 This study 

168_gfp+htrA 168, amyE::Phyperspank-gfp+(htrA), Spec
r
 This study 

168_gfp(Sp) 168, amyE::Phyperspank-gfp(Sp), Spec
r
 This study 

168_sfgfp(Bs) 168, amyE::Phyperspank-sfgfp(Bs), Spec
r
 This study 

168_sfgfp(Sp) 168, amyE::Phyperspank-sfgfp(Sp), Spec
r
 This study 

168_sfgfp(iGEM) 168, amyE::Phyperspank-sfgfp(iGEM), Spec
r
 This study 

Plasmids   

pDR111 bla, amyE’,Phyperspank, spec
r
, lacI, ‘amyE Gift of D. Rudner 
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pDR111_gfpmut1 bla, amyE’,Phyperspank-gfpmut1, spec
r
, lacI, 

‘amyE 
This study 

pDR111_gfp+ bla, amyE’,Phyperspank-gfp+, spec
r
, lacI, 

‘amyE 
This study 

pDR111_gfp+htrA bla, amyE’,Phyperspank-gfp+(htrA), spec
r
, lacI, 

‘amyE 
This study 

pDR111_gfp(Sp) bla, amyE’,Phyperspank-gfp(Sp), spec
r
, lacI, 

‘amyE 
This study 

pDR111_sfgfp(Bs) bla, amyE’,Phyperspank-sfgfp(Bs), spec
r
, lacI, 

‘amyE 
This study 

pDR111_sfgfp(Sp) bla, amyE’,Phyperspank-sfgfp(Sp), spec
r
, lacI, 

‘amyE 
This study 

pDR111_sfgfp(iGEM) bla, amyE’,Phyperspank-sfgfp(iGEM), spec
r
, 

lacI, ‘amyE 
This study 

 
Table 2. Oligonucleotides used in this study. Restriction sites are underlined. 

Primers Sequence (5` to 3`) 

GFP_NheI_fw CCGCGCTAGCTGATTAACTAATAAGGAGGACAAAC 

GFP_SphI_rv GCAAGCATGCAAAGAATCTTGCTTGGCAAGGTTC 

 

Results and Discussion 

Selection and design of codon optimized gfp genes 

Green fluorescent proteins used in molecular biology are variants of 
the Aequorea victoria GFP protein with improved characteristics. 
Optimizations include codon adaptation of the gfp gene to the organism of 
interest, or amino acid modifications to alter the folding properties of the 
protein or to change the chromophore (Table 3). For this study, we selected or 
generated the following GFP’s: GFPmut1, GFP+, GFP+(htrA), GFP(Sp), 
sfGFP(Bs), sfGFP(Sp) and sfGFP(iGEM). A widely used GFP variant for use in 
bacteria is GFPmut1 [35]. Mutations in the chromophore of this protein result 
in a red-shift of the excitation maximum to 488 nm and a 35-fold higher 
fluorescence signal compared to the original GFP excited at 488 nm. Folding 
and maturation of the chromophore are also improved compared to the 
original GFP and fluorescence can be detected earlier after induction. The gfp+ 
gene [174] has an E. coli codon usage while the encoded protein carries 
chromophore and folding mutations, yielding 130-fold increased fluorescence 
compared to A. victoria GFP. In gfp+(htrA) an additional region upstream of 
gfp+ is added which encodes the first three amino acid residues of the S. 
pneumoniae HtrA protein which probably improves ribosome accessibility. 
GFP+(htrA) was shown to work as a robust reporter for protein fusions and to 
significantly improve heterologous protein production in S. pneumoniae 



Chapter 2 

28 
 

[52,76]. The S. pneumoniae codon-optimized gfp(sp) variant specifies a protein 
with chromophore and folding mutations similar to those in GFPmut2 [135]. 
Dimerization of this GFP at higher concentrations is prevented by the dimer 
interface-breaking A206K mutation [235], making it very suitable for protein 
fusions meant to assess intracellular localization. Superfolder (sf) GFP is 
especially useful for translational fusions, since it rapidly folds and maturates 
even when it is fused to poorly folding peptides [141,159]. Furthermore, sfGFP 
might be particularly suitable for gene expression studies since the emergence 
of fluorescence closely matches induction of transcription. We employ three 
sfGFP variants: sfGFP(iGEM), sfGFP(Bs), and sfGFP(Sp), originating from the 
sfgfp sequences created by Pédelacq et al. [159]. sfGFP(iGEM) is a previously 
characterized variant; the gene is designed for the International Genetically 
Engineered Machine competition (iGEM) by the University of Cambridge team 
2008 and its codon usage is a compromise for optimum expression in E. coli 
and B. subtilis [141]. In addition, sfGFP(iGEM) carries the mutations S2R and 
S72A from GFPmut3* [4]. No phenotypic effects have been reported for S2R, 
while the S72A mutation close to the chromophore enhances fluorescence [4]. 
For optimal use of sfGFP in B. subtilis and S. pneumoniae we designed and 
synthesized codon-optimized genes for sfGFP variants: respectively sfgfp(Bs) 
and sfgfp(Sp) (see Materials and Methods). With the design of two new sfgfp 
genes, the total number of GFP variants benchmarked in this study is seven. 
 
Table 3. GFP variants benchmarked in this study. 

Name Changes to A. victoria 
GFP 

Properties Gene codon 
optimization 
method 

Reference 

GFPmut1 F64L, S65T, L195S 35 fold brighter 
than wt GFP 

Original codon 
adaptation from 
A. victoria 

[35] 

GFP+ F64L, S65T, Q80R, 
F99S, M153T, V163A 

130 fold 
brighter than wt 
GFP 

E. coli [174] 

GFP+(htrA) M1MKHL, F64L, S65T, 
Q80R, F99S, M153T, 
V163A 

Improved 
translation 
efficiency in S. 
pneumoniae  

E. coli [52] 

GFP(Sp) M1MV, S65A, V68L, 
S72A, A206K 

Based on 
GFPmut2, 
Monomer 

S. pneumoniae 
using 
OptimumGene

TM
 

[135] 

sfGFP(Bs) S30R, Y39N, F64L, 
S65T, Q80R, F99S, 
N105T, Y145F, M153T, 
V163A, I171V, A206V  

Superfolder 
GFP, [159]  

B. subtilis using 
dual codon 
method 

this study 
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sfGFP(Sp) S30R, Y39N, F64L, 
S65T, Q80R, F99S, 
N105T, Y145F, M153T, 
V163A, I171V, A206V 

Superfolder 
GFP, [159] 

S. pneumoniae  
using OPTIMIZER, 
[163] 

this study 

sfGFP(iGE
M) 

S2R, S30R, Y39N, F64L, 
S65T, S72A, F99S, 
N105T, Y145F, M153T, 
V163A, I171V, A206V 

Superfolder 
GFP, additional 
mut3* 
mutations 

E. coli and B. 
subtilis 

[141] 

 

  
Figure 1. GFP expression vector for B. subtilis. Plasmid pDR111_gfp(Sp) integrates in 
the B. subtilis genome at the amyE gene locus by double cross-over and allows IPTG 
inducible expression of gfp(Sp). 

 

Construction of new gfp vectors for B. subtilis 

To evaluate the seven GFP’s for their production and fluorescence 
properties, we constructed new gfp vectors for integration into the 
chromosome of B. subtilis. It is important to note that for each gfp variant the 
same promoter and RBS were used, allowing direct comparison. For B. subtilis 
plasmid pDR111 (kind gift from David Rudner) was used as the replicon. This 
vector is a derivative of the Pspac-hy plasmid pJQ43 [164], which achieves better 
repression in the absence of the inducer IPTG due to an extra LacO operator 
site [24]. PCR fragments carrying gfp constructs were cloned downstream of 
the Phyperspank promoter region. The PCR fragments included three stop codons 
in the three different reading frames, a RBS upstream of the gfp gene, and 
three terminators downstream of the gfp gene to terminate transcription and 
prevent read-through transcription from downstream genes. The regions of 
the amyE gene flanking the gfp gene in pDR111 facilitate integration at the 



Chapter 2 

30 
 

amyE locus in the B. subtilis chromosome. Ampicillin and spectinomycin 
resistance cassettes are present to allow selection in E. coli and B. subtilis, 
respectively. The set up chosen guarantees that each of the seven gfp genes is 
located in exactly the same genetic surrounding. 

Characterization of GFP intensity at the population level 

Strains of B. subtilis were cultured in 96-well microtiter plates and 
examined for GFP fluorescence (Figure 2A). 

Strikingly, in B. subtilis, gfp(Sp) carrying codon-optimizations for  S. 
pneumoniae exhibited the strongest fluorescence signal; the average signals 
were approximately 5 fold higher than when the widely used GFPmut1 was 
expressed [35,120] (Figure 2A). The fluorescent proteins sfGFP(Sp), GFP+(htrA) 
and GFP+ also exhibited a signal stronger than that of GFPmut1. Different to 
what was expected, the sfGFP(Bs) performed worst in the host for which the 
gene was codon optimized, B. subtilis. While the protein sequences of 
sfGFP(Bs) and sfGFP(Sp) are identical, the fluorescence level of the latter is 6- 
to 7 fold higher in B. subtilis. At the DNA level sfGFP(Bs) and sfGFP(Sp) show 
85% sequence identity illustrating the impact of codon usage on heterologous 
protein production. 

Altogether these results demonstrate that for the conditions tested, a 
GFP with a strong fluorescence at the population level can be selected: 
GFP(Sp) for B. subtilis. 
 

 
Figure 2. Fluorescence quantification of GFP variants in B. subtilis. (Left) population-
level GFP signals recorded using microtiter plate readings. Fluorescence intensities are 
corrected for background fluorescence, OD600 and wild type strain (no GFP) values. 
Error bars indicate the standard error of mean (n≥3). Simultaneously, single-cell 
fluorescence was measured in the same cultures with fluorescence microscopy (right). 
Fluorescence intensities are normalized for background fluorescence, cell area and wild 
type strain values. Error bars indicate the standard error of mean (n≥200). Note that 
fluorescence values from both methods are in arbitrary units and are not directly 
comparable. 

 



Benchmarking GFP variants 

31 
 

 
Figure 3. GFP fluorescence signal distribution. (left) The fluorescence intensity 
frequencies of GFP(Sp) (black bars) and sfGFP(Sp) (grey bars) in B. subtilis are plotted. 
While the mean signal of GFP(Sp) is higher, it is distributed over a wider range of 
intensities than sfGFP(Sp). (right) Micrograph examples of the two strains. Scale bar, 5 
μm. 
 

Characterization of GFP expression at the single-cell level 

Fluorescence microscopy was performed to examine the signal of each 
GFP reporter at the single-cell level. Single-cell GFP signals were quantified 
using MicrobeTracker [190]. Simultaneously, population-level GFP signals were 
recorded on the same cultures using microtiter plate readings. Results are 
shown in Figure 2. In general, the average fluorescence observed in the single-
cell assays correlated well with the population-wide data from the microtiter 
plate assays. The only GFP that deviates from the trend found in the microtiter 
plate assays is sfGFP(iGEM) (Figure 2B). Its fluorescence signal is twice lower 
than that of GFPmut1, making it, together with sfGFP(Bs), the GFP with the 
lowest fluorescence. The GFP variant generating the highest fluorescence 
signal is, again, GFP(Sp) with an average fluorescence almost two-fold above 
sfGFP(Sp), the second best GFP. 

Not in every case do the data obtained from bulk cultures reflect the 
situation at the single-cell level. When plotted as a histogram it becomes 
evident that the fluorescence signal is not equal in all cells and that the 
amount of signal-variation among cells differs per GFP variant. From the 
histograms of B. subtilis GFP(Sp) and sfGFP(Sp) for example, it is clear that the 
GFP(Sp) signal is much broader than that of sfGFP(Sp) (Figure 3). See Figure S1 
for all GFP signal distributions. 
  



Chapter 2 

32 
 

Phenotypic noise 

As observed above in the single-cell analyses, GFP signals may vary 
among individual cells. In some experimental setups it is crucial that the GFP 
fluorescence signal is homogeneous, for example when studying phenotypic 
heterogeneity using promoter-gfp fusions as reporters for gene expression. In 
those cases one needs to be confident that variation in fluorescence signal 
originates from promoter activity, not from an intrinsic property of the GFP 
employed. 

Thus, we quantified the spread in a population of expression levels of 
the various GFPs studied here. The distribution of gene expression of a single 
gene can be described by a mean value of expression (as measured by GFP 
signal) denoted <p> with a standard deviation σp. The phenotypic noise 
strength (σp

2/<p>) is a commonly used measure of noise [92,156,206]. This is 
because the relative standard deviation changes as the mean value changes, 
whereas the phenotypic noise strength is less sensitive to changes in the mean 
value. The phenotypic noise strength is thus a noise measure that allows 
relative comparison of gene-expression distributions among populations 
[92,156,206]. 

The general trend for the GFPs benchmarked in this study is that 
phenotypic noise strength is proportional to fluorescence signal (Table 4). The 
GFP generating the highest fluorescence signal, GFP(Sp), shows the most 
heterogeneous fluorescence at the single-cell level. 

The sources for the observed differences in phenotypic noise are 
unclear but might involve cell-to-cell variability in protein synthesis 
(transcription, translation), mRNA stability, GFP maturation and/or -folding 
and are thus of crucial importance to take into account when examining 
single-cell gene expression patterns. 
 
Table 4. Phenotypic noise strength in B. subtilis; Calculations done according to 
Ozbudak et al. [156]. 

GFP 
* 

GFPmut1 0.33 

GFP+ 0.87 

GFP+(htrA) 1.26 

GFP(Sp) 7.24 

sfGFP(Bs) 0.16 

sfGFP(Sp) 2.24 

sfGFP(iGEM) 0.38 

*Values are multiplied by 10
5
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Concluding remarks 

Seven GFP variants have been benchmarked with respect to their 
fluorescence signal strength in B. subtilis, both on the population level and on 
the single cell level. To this end a new gfp vector for genomic integration was 
constructed. Our results allow a clear ranking of the GFPs based on their 
fluorescence signals. The GFP generating the highest fluorescence signal for B. 
subtilis is GFP(Sp). It is important to note that this ranking is likely influenced 
by the choice of the RBS and each gene might be expressed differently with a 
different RBS [42,170]. The importance of the 5’ end of the transcript for total 
protein production is well known. For instance, without the need to 
completely codon optimize the entire gene, expression of fluorescent protein 
production could be tremendously improved by adding a few codons of a gene 
of a well expressed protein to the 5’ end of the gene encoding the fluorescent 
protein in B. subtilis, which likely improves ribosome accessibility to the RBS 
thus improving translation [219]. 

In general, the underlying molecular mechanisms for the large 
differences in GFP signals between the seven GFP variants is unclear at this 
moment and lies outside the scope of this work. Besides the specific mutations 
in the various GFPs, they might be related to mRNA stability, translation 
efficiency, GFP-folding efficiency, chromophore maturation and protein 
stability. Nevertheless, this work provides a good basis for selecting a proper 
GFP variant for the Gram-positive model bacterium B. subtilis. 
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Abstract 

Protein-protein interactions can be studied in vitro, e.g. with bacterial 
or yeast two-hybrid systems or surface plasmon resonance. In contrast to in 
vitro techniques, in vivo studies of protein-protein interactions allow 
examination of spatial and temporal behavior of such interactions in their 
native environment. One approach to study protein-protein interactions in 
vivo is via Förster Resonance Energy Transfer (FRET). Here, FRET efficiency of 
selected FRET-pairs was studied at the single cell level using sensitized 
emission and Frequency Domain-Fluorescence Lifetime Imaging Microscopy 
(FD-FLIM). For FRET-FLIM, a prototype Modulated Electron-Multiplied FLIM 
system was used, which is, to the best of our knowledge, the first account of 
Frequency Domain FLIM to analyze FRET in single bacterial cells. To perform 
FRET-FLIM, we first determined and benchmarked the best fluorescent 
protein-pair for FRET in Bacillus subtilis using a novel BglBrick-compatible 
integration vector. We show that GFP-tagRFP is an excellent donor-acceptor 
pair for B. subtilis in vivo FRET studies. As a proof of concept, selected donor 
and acceptor fluorescent proteins were fused using a linker that contained a 
tobacco etch virus (TEV)-protease recognition sequence. Induction of TEV-
protease results in loss of FRET efficiency and increase in fluorescence lifetime. 
The loss of FRET efficiency after TEV induction can be followed in time in single 
cells via time-lapse microscopy. This work will facilitate future studies of in 
vivo dynamics of protein complexes in single B. subtilis cells. 

Introduction 

Bacteria have long been regarded as vesicles filled with proteins 
without any internal organization. However, the cytosol of bacterial cells is 
densely crowded [140], so a high level of organization is expected to ensure 
proper functioning of cellular processes. Recently, there has been growing 
interest in elucidating potential spatial organization inside bacterial cells. A 
large body of work in bacteria has now revealed spatial organization for DNA-
protein interactions, protein localization, and protein-protein interactions 
[131,169,184,222]. Protein-protein interactions during cell division, regulatory 
interactions, and metabolic processes are increasingly studied. 

Previously, techniques for studying protein-protein interactions were 
either indirect (e.g. yeast- or bacterial two hybrid) or in vitro methods (e.g. 
Surface Plasmon Resonance). These techniques are practical for screening 
potential interaction partners or to study binding affinities. In order to gain 
insight into the in vivo dynamics of these interactions, the in vivo method 
needs to produce time-resolved information. Förster Resonance Energy 
Transfer (FRET) allows time-resolved inspection of protein-protein 
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interactions. Single cell FRET analysis allows for the investigation of individual 
differences of protein-protein interactions, rather than studying an average 
FRET efficiency of a population. 

Fluorescence microscopy only allows identification of protein co-
localization due to its limited resolution. FRET is the non-radiative energy 
transfer from an excited donor fluorophore to an acceptor fluorophore that 
can only occur when donor and acceptor are in very close vicinity of each 
other (<10 nm). FRET is therefore a useful tool for proving interactions via 
excitation of the donor fluorophore and measuring emission of the acceptor 
molecule [69,149,217]. 

FRET was first described by Förster [60,112,200] and found 
widespread use in molecular biology [37,166] ever since the introduction of 
various fluorescent proteins (FPs)[182]. FRET has been successfully applied to 
demonstrate interactions between proteins, e.g. to study the assembly of the 
divisome in Escherichia coli [2], and the composition of the Bacillus subtilis 
competence machinery [106]. For a successful FRET experiment there are 
three requirements. First, the donor and acceptor fluorophores are within 1-
10 nm from each other. Second, the donor emission spectrum overlaps with 
the acceptor excitation spectrum, and third, the fluorophores have similar 
orientation of the dipoles [112]. While the spectral overlap is necessary, it is 
also a disadvantage, because the acceptor can be excited by the light used to 
excite the donor instead of getting excited by non-radiative energy transfer. 
Also the donor emission can pass the acceptor emission filter. The potential of 
donor and acceptor bleedthrough demands corrections via imaging of samples 
with only a donor or acceptor fluorophore [217]. Another way to overcome 
the bleedthrough problems caused by spectral overlap is measuring the 
fluorescence lifetime of the donor fluorophore in presence or absence of an 
acceptor. A population of excited fluorophores displays a characteristic decay 
of spontaneous emission. 

In this study the FRET efficiency was determined in two ways: the first 
method is via the detection of sensitized emission [217]: the measurement of 
the acceptor emission that originates from the resonance energy transfer from 
the excited donor. The second method is by measuring fluorescence lifetime, 
which is defined as the time needed for the fluorescence intensity to decrease 
to 1/e (approx. 37%) of the initial intensity immediately after excitation [113] 
and is commonly in the nanosecond range. Anything that quenches 
fluorescence – offers (more) non-radiative decay options, such as FRET does – 
will decrease the fluorescence lifetime [147]. 

Frequency Domain Fluorescence Lifetime Imaging Microscopy (FD-
FLIM) [112,113,147,216] allows wide-field fluorescence lifetime determination 
via phase modulation [113]. For FD-FLIM the excitation light is modulated, 
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consequently resulting in a modulated emission signal. The lifetime of the 
fluorophore studied causes a delay in the phase of the modulated emission 
compared to the phase of the modulated excitation. By modulating the 
sensitivity of the detector at the same frequency as the excitation signal, the 
phase delay between emission and excitation can be measured and a 
fluorescence lifetime can be calculated in every pixel of the image. FD-FLIM 
allows fast wide-field fluorescence lifetime acquisitions and is highly suitable 
for time-lapse microscopy and thus time resolved FRET analysis. See Zhao et 
al. [238] and the textbook of Lakowicz [113] for a detailed explanation of FD-
FLIM. 

Here, we investigated which FRET couple is best suited for dynamic 
protein-protein interaction studies in single cells of the Gram-positive model 
bacterium B. subtilis [108]. Several genes coding for fluorescent proteins with 
potential good FRET properties were cloned pairwise, integrated at the amyE 
locus, expressed, and tested for FRET properties. The FPs were covalently 
linked with a linker containing a TEV protease recognition sequence. An 
inducible TEV protease gene was co-cloned with the FRET-pair allowing 
conditional high/low FRET efficiency situations. FRET efficiency was 
determined via sensitized emission and via a prototype MEM-FLIM system. 
The currently available FD-FLIM systems make use of an image intensifier, of 
which the photocathode is modulated at high frequencies (MHz). The image 
intensifier is typically the limiting factor for the spatial resolution, and is 
susceptible to damage by high light intensities. Therefore, FLIM recording is 
difficult to automate and is vulnerable. The prototype MEM-FLIM system used 
here modulates the CCD-sensor of the detector directly at the pixel level [238] 
resulting in a wide-field FLIM system that can easily be integrated in 
automated microscopy set-ups for time-lapse microscopy to study dynamics of 
protein-protein interactions. Furthermore, and more importantly, the 
increased spatial resolution is sufficient for single bacterial cell FRET-FLIM. To 
our knowledge this is the first study that incorporates single bacterial cell FD-
FLIM analysis on a wide-field microscope. 

Materials and Methods 

Bacterial strains, plasmids, oligonucleotides, and growth conditions. 

The strains, plasmids, and oligonucleotides used in this study are listed 
in Table 1, Table 2, and Table 3 respectively. Escherichia coli MC1061 was used 
for cloning. All strains were cultivated on LB (Lysogeny Broth) medium at 37°C, 
supplemented with 100 μg/ml ampicillin or 100 μg/ml spectinomycin when 
appropriate. For the time-lapse experiment a chemically defined medium was 
used. 
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Recombinant DNA techniques 

DNA purification, restriction and ligation were done as described 
before [171]. Fast Digest Restriction enzymes, Phusion DNA polymerase and 
T4 DNA ligase were obtained from Fermentas (St. Leon-Rot, Germany). 
Synthetic DNA was ordered from Mr. Gene (Regensburg, Germany). 

Plasmid construction 

In this study, a new B. subtilis integration vector, pDOW01, was 
constructed by modifying pDR111 (kind gift of David Rudner). Both vectors 
integrate chromosomally in the amyE locus. The BglBrick assembly standard 
[5] was introduced into pDR111 resulting in pDOW01 to facilitate easy cloning 
of biological parts. 

Further, a TEV protease recognition site (ENLYFQG) coding sequence 
was inserted as a linker in the middle of the BglBrick cloning site. The BglBrick 
cloning site, with EcoRI, BglII, BamHI and XhoI restriction sites, always remains 
present during cloning to realize up- or downstream insertion of a new part 
into an existing construct. The BglBrick cloning strategy is adapted from the 
BioBrick cloning method [100]. 

To create pDOW01 from pDR111 the following changes were made: 
the ORI for E. coli was replaced with the ORI for E. coli from pUC18 to remove 
the BglII and XhoI restriction sites, the Amp

R
 was removed, the BglBrick [5] 

restriction sites are introduced for cloning, and a TEV-protease recognition site 
was introduced in the middle of the BglBrick cloning site. 

The homologous regions of the amyE gene and the spectinomycin 
marker from pDR111 (from 115-4707) and the E. coli origin of replication 
(1888-2583) from the pUC18 vector were PCR amplified including the NcoI and 
SpeI restriction sites in the primer sequences to combine the fragments into a 
pDR-pUC-hybrid (see Table 3 for the primers). Subsequently, Quikchange PCR 
(Agilent) was used to remove the BamHI site at position 745, with primers 
pDR111_quikchange_FW and pDR111_quikchange_REV. The part between 
2100-2528 bp in the original pDR111 vector was redesigned in silico and 
ordered from Mr. Gene (Regensburg, Germany), with the following changes. 
The XhoI, BglII and EcoRI sites were removed by point mutation. The SalI site 
was removed and in the upstream direction a RBS with a seven bp spacer to 
the start codon was inserted. The start codon was followed by the BglBrick 
prefix, the TEV-protease recognition site, the BglBrick suffix, two stop codons, 
and a strong terminator sequence. The IPTG-inducible Phyperspank promoter from 
pDR111 remained unchanged. The synthetic DNA was inserted into the pDR-
pUC-hybrid by replacing the original 422 bp between the SphI- and PstI-sites 
with the 529 bp synthetic DNA via restriction and ligation. This final cloning 
step resulted in our basic cloning vector, pDOW01 (Figure 1). The newly 
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constructed plasmid was fully re-sequenced and the plasmid sequence has 
been submitted to the Genbank database under accession number KM009065. 
 

 
Figure 1. Map of the amyE integration vector pDOW01 with BglBrick cloning site, 
EcoRI, BglII, BamHI and XhoI indicated in italics. Indicated in bold are the RBS 
(AGGAGG), the TEV-protease recognition site (GAGAATTTGTATTTTCAGGGT; amino acid 
sequence ENLYFQG) and the two stop codons (TAATAA). 
 

Plasmid construction – fluorophore insertion 

The fluorescent proteins used in this study are: Cerulean (a cyan FP 
[167]), Venus (a yellow FP [148]), sfGFP(Sp) [155], mCherry (a red FP [183], 
which is codon optimized by DSM as described before [155]), mKate2 (a far-
red FP, Evrogen) and tagRFP (a red-orange FP, Evrogen). Codon optimization 
was done for sfGFP, mCherry, mKate2 and tagRFP as described before [155]. 

pDOW01 was used as basic vector to construct the following FRET 
pairs and their donor and acceptor only counterparts: Cerulean-Venus, GFP-
mCherry, GFP-mKate2, GFP-tagRFP, and Venus-mCherry. Cerulean and Venus 
are improved versions of CFP and YFP [148,167]. The pairs were selected for 
use as a FRET pair based on the spectral properties [39] (see also: 
http://www.microscopyu.com/). 

All genes encoding for fluorescent proteins were amplified by PCR 
with the BglBrick prefix (EcoRI, BglII) in the forward primer and the BglBrick 
suffix (BamHI, XhoI) in the reverse primer for insertion into pDOW01 (see 
Table 3). Sequencing was used to verify the construct sequences.  



Single cell FRET analysis with a prototype MEM-FLIM system 

41 
 

Two fluorophores were linked to each other with a linker peptide 
containing a TEV-protease recognition site. The TEV-protease recognition site 
is ENLYFQ-G [48,161], with the cleavage site between the glutamine and 
glycine amino acids. The B. subtilis DOW01 strain used here contains an 
inducible TEV-protease (Table 1). The TEV-protease gene under control of the 
xylose inducible Pxyl promoter was amplified from BSG104 (primers 
constructTEV_FW & constructTEV_REV), inserted in pDG1664 and integrated 
in the thrC locus of the B. subtilis genome [71]. 

After cloning of the fluorophores into pDOW01, the resulting 
constructs were transformed and integrated in the amyE locus of B. subtilis. To 
facilitate transformation, B. subtilis was made naturally competent as 
described before [77]. Single copy, double recombination of the constructs 
was verified by the lack of (alpha)-amylase activity on LB starch plates. 
 
Table 1. The strains used in this study. 

Strain Genotype Source or 
reference 

E. coli   

MC1061 F
–
 araD139 Δ(ara-leu)7696 galE15 galK16 Δ(lac)X74 

hsdR2 (rK
–
mK

+
) mcrA mcrB1 rpsL (Str

r
) 

Laboratory stock 

B. subtilis   

BSG1004 B. subtilis ΔscpA and thrC::TEV-protease [71] 

168 trpC2 Bacillus Genetic 
Stock Center 

DOW01 168 with thrC::Pxyl-TEV-protease ery-linc
r 

This study 

DOW03 DOW01 with amyE::Phyperspank-Cerulean Spec
r
 This study 

DOW05 DOW01 with amyE::Phyperspank-GFP Spec
r
 This study 

DOW09 DOW01 with amyE::Phyperspank-Venus Spec
r
 This study 

DOW10 DOW01 with amyE::Phyperspank-mCherry Spec
r
 This study 

DOW13 DOW01 with amyE::Phyperspank-tagRFP Spec
r
 This study 

DOW14 DOW01 with amyE::Phyperspank-mKate2 Spec
r
 This study 

DOW16 DOW01 with amyE::Phyperspank-Cerulean-Venus Spec
r
 This study 

DOW21 DOW01 with amyE::Phyperspank-GFP-mCherry Spec
r
 This study 

DOW23 DOW01 with amyE::Phyperspank-GFP-tagRFP Spec
r
 This study 

DOW24 DOW01 with amyE::Phyperspank-GFP-mKate2 Spec
r
 This study 

DOW26 DOW01 with amyE::Phyperspank-Venus-mCherry Spec
r
 This study 

 
Table 2. The plasmids used in this study. 

Plasmid Genotype Source or 
reference 

pUC18 Amp
r
 lacZ’ NCBI accession 

L09136 

pDG1664 Amp
r
 ‘thrC Ery

r
-linc

r
 thrC’ [73] 

pDR111 Amp
r
 amyE’ Spec

r 
lacI Phyperspank amyE D. Rudner 
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pDOW01 amyE´ Spec
r 
lacI Phyperspank amyE This study 

pDOW03 amyE´ Spec
r 
lacI Phyperspank-Cerulean amyE This study 

pDOW05 amyE´ Spec
r 
lacI Phyperspank-GFP amyE This study 

pDOW09 amyE´ Spec
r 
lacI Phyperspank-Venus amyE This study 

pDOW10 amyE´ Spec
r 
lacI Phyperspank-mCherry amyE This study 

pDOW13 amyE´ Spec
r 
lacI Phyperspank-tagRFP amyE This study 

pDOW14 amyE´ Spec
r 
lacI Phyperspank-mKate2 amyE This study 

pDOW16 amyE´ Spec
r 
lacI Phyperspank-Cerulean-Venus amyE This study 

pDOW21 amyE´ Spec
r 
lacI Phyperspank-GFP-mCherry amyE This study 

pDOW23 amyE´ Spec
r 
lacI Phyperspank-GFP-tagRFP amyE This study 

pDOW24 amyE´ Spec
r 
lacI Phyperspank-GFP-mKate2 amyE This study 

pDOW26 amyE´ Spec
r 
lacI Phyperspank-Venus-mCherry amyE This study 

 
Table 3. The oligonucleotides used in this study. Restriction sites are shown in italics. 
BglBrick prefix in forward (FW) primer and suffix in reverse (REV) primer are 
underlined. 

Oligonucleotide Sequence (5’ -> 3’) 

pDR111_amyE_FW NcoI TGATGCCATGGAATCAAATAAGGAGTGTCAAGAATG 

pDR111_amyE_REV SpeI TTGCTACTAGTCGTCTAGCCTTGCCCTCAATG 

pUC18_ORI_FW SpeI TGAGGACTAGTGTACCACCCCGTAGAAAAGATCAAAG 

pUC18_ORI_REV NcoI GGATACCATGGCTCGGGATAACGCAGGAAAGAAC 

pDR111_quikchange_FW GACCGGCGCTCAGAATCCTAACTCAC 

pDR111_quikchange_REV GTGAGTTAGGATTCTGAGCGCCGGTC 

pDOW_seq1 CATGGCTCGGGATAACGCAGGAAAG 

pDOW_seq2 CTGATTCTGACCGGGCACTTGGG 

pDOW_seq3 CAAATAAAGCACTCCCGCGATC 

pDOW_seq4 GATCTGTCAATGGTTCAGATAC 

pDOW_seq5 TCTAGAGCTGCCTGCCGCGTTTCG 

pDOW_seq6 ACGCGCCGTCGCAAATTGTC 

pDOW_seq7 AATCAGCTGTTGCCCGTCTCAC 

pDOW_seqINSERT_FW CTACAAGGTGTGGCATAATGTG 

pDOW_seqINSERT_REV AGCTTGCATGCGGCTAGCTG 

Cerulean/Venus_FW_BglBrick GAGCTCGAATTCATGAGATCTATGTCAAAAGGAGAAGA
ACTTTTTAC 

Cerulean/Venus_REV_BglBrick GTCGAGCTCGAGTAAGGATCCTTTATAAAGTTCGTCCAT
ACC 

sfGFP_FW BglBrick GAGCTCGAATTCATGAGATCTATGTCAAAGGGAGAAGA
ATTG 

sfGFP_REV BglBrick GTCGAGCTCGAGTAAGGATCCCTTATAAAGTTCATCCAT
TCCGTGTGTGATTC 

mCherryDSM_FW BglBrick GAGCTCGAATTCATGAGATCTATGAGCAAAGGAGAAGA
AG 

mCherryDSM_REV BglBrick GTCGAGCTCGAGTAAGGATCCTTTGTAAAGCTCATCCAT
TC 

tagRFP_FW BglBrick GAGCTCGAATTCATGAGATCTATGTCAGAACTTATCAAG
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GAAAATATG 

tagRFP_REV BglBrick GTCGAGCTCGAGTAAGGATCCTTTATGTCCCAATTTACT
AGG 

mKate2_FW BglBrick GAGCTCGAATTCATGAGATCTATGTCAGAACTTATCAAG
GAAAATATG 

mKate2_REV BglBrick GTCGAGCTCGAGTAAGGATCCACGGTGTCCCAATTTAC 

constructTEV-FW+EcoRI GCTGTCAAACATGAGAATTC   

constructTEV-REV+BglII  CGCGAGATCTGGATTTCCTTACGCGAAATACG 

 

Western Blotting 

An overnight culture of B. subtilis was diluted in fresh medium to an 
approximate OD600 of 0.03 and grown for 2h at 37°C, while shaking at 225 rpm. 
After induction with 0.1 mM IPTG, the cultures were split into two equal 
volumes, and 1% (w/v) xylose was added to one part to induce the TEV-
protease. Cells were grown for 2 more hours at 37°C and 2 ml of cell culture 
was centrifuged (1 min, 10.000 rpm) and resuspended in 200 μL 50 mM Tris-Cl 
pH 7.4. Cell lysis was achieved by adding a small spatula tip of glass beads 
(<106 microns, Sigma) to the mix, followed by two times one minute mini-
bead beating (Mini-Beadbeater-16, Biospec products). After centrifugation (2 
min, 10.000 rpm) the supernatant was carefully transferred to clean tubes and 
stored at -20°C. 30 μl supernatant supplemented with SDS-loading buffer was 
boiled at 80°C for 10 minutes and loaded on a 12% SDS-PAGE gel. After 
completion of electrophoresis the gel was transferred to a PVDF Western 
Blotting membrane (Roche. One hour at 80 mA), followed by blocking with 5% 
(w/v) skim milk (Oxoid) in PBST (58 mM Na2HPO4, 17 mM NaH2PO4, 68 mM 
NaCl, 0.1% (v/v) Tween20, pH 7.3) overnight at 4°C. The PVDF-membrane was 
washed three times 15 minutes in PBST and incubated with PBST with 5% skim 
milk and a 1:10.000 dilution of anti-GFP (rabbit serum, Invitrogen Molecular 
Probes) for two hours at room temperature. The membrane was washed 
three times 15 minutes in PBST and incubated with PBST supplemented with 
1:5.000 goat-anti-rabbit Ig-Horseradish Peroxidase (Amersham Biosciences) 
for 1.5 hour at room temperature. Subsequently, the membrane was washed 
three times, gently dried with tissue papers and incubated for two minutes 
with 2 ml of ECL detection reagent (GE Healthcare). Signal visualization was 
done with a Molecular Imager ChemiDoc XRS+ (Bio-Rad). 
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Fluorescence microscopy 

Microscope specification 

Microscope imaging for sensitized emission experiments was done 
using a Personal DeltaVision microscope system (Applied Precision, Issaquah, 
USA), with Softworx 3.6.0 software. The microscope was equipped with an 
Olympus IX71 inverted microscope body, a 100x phase contrast objective 
(Olympus PlanApo 1.40 NA), a CoolSNAP HQ2 camera (Princeton Instruments), 
a 300W Xenon light source, and filters for imaging of CFP (ex. 430/24 nm; em. 
472/30nm), GFP (ex. 470/40 nm; em. 525/50 nm), and mCherry (ex. 572/35 
nm; em. 632/60 nm) from Chroma. For Cerulean and Venus the 
CFP/YFP/mCherry polychroic mirror was used (Chroma, 460-500, 525-575, 
590-680 nm range) and for GFP, mCherry, mKate2, and tagRFP the 
GFP/mCherry polychroic mirror was used (Chroma, 400-470, 490-570, 580-630 
and 640-730 nm range). Images were captured using 0.2s light exposure with 
32% light transmission for every combination of filters. The FRET channel was 
set in the software by using the CFP or GFP excitation filter and the GFP or 
mCherry emission filter. 

Strain preparation and protein overexpression 

LB medium was inoculated from -80°C B. subtilis stocks and grown 
overnight at 37°C. The next morning the cultures were diluted 1 to 50 to an 
approximate OD600 of 0.03 in fresh LB medium and grown for two hours at 
37°C at 225 rpm. The cells were induced with 0.1 mM IPTG and one part of the 
culture containing the two fluorophores was transferred into a new bottle 
containing 1% (w/v) xylose to induce the TEV-protease. After an additional two 
hours of incubation, cells were transferred to a microscope slide containing 1% 
(w/v) agarose to immobilize the cells and fluorescence intensity was measured 
with the wide-field microscope described above for FRET detection via 
sensitized emission. The same sample preparation method was applied for the 
FLIM experiments described below. 

Sensitized emission – Strain preparation for time-lapse  

Time-lapse microscopy was done as described previously [40]. Briefly, 
LB medium was inoculated from -80°C stocks and grown for 8 hours at 37°C 
and 225 rpm. Subsequently, the culture was diluted 100 times in chemically 
defined medium (CDM; supplemented Spizizen’s salt [3],  per liter: 2 g 
(NH4)2SO4, 14 g K2HPO4, 6 g KH2PO4, 1 g Na3citrate.2H2O, 0.27 g MgSO4.7H2O, 
20 mg casamino acids (Formedium), 20 mg L-tryptophan and 5 g D-fructose) 
and grown overnight at 37°C, 225 rpm. The next morning the culture was 
diluted to an OD600 of 0.08 in fresh CDM, grown for 5-7 hours at 37°C and 225 
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rpm to an OD600 of approximately 0.7. Now (0.35/OD)*250 = 125 µl of cells 
were diluted in 500 µl fresh medium and 2 µl was transferred to a slide with 
1.5% low-melting point agarose (Sigma) in CDM and 0.1 mM IPTG. When the 
TEV-protease gene should be expressed 1% (w/v) xylose was added to the 
slide medium as well. To make sure that the fluorophores were present right 
from the start of the time-lapse experiment, IPTG (final concentration 0.1 mM) 
was added to the liquid culture one hour before transfer to the agarose slide.  
And in case the TEV-protease should be expressed also 1% (w/v) xylose was 
added to the liquid medium. The agarose slide was divided in three columns, 
separated by air cavities; one for B. subtilis DOW5 (GFP only), one for B. 
subtilis DOW13 (tagRFP only), and one for B. subtilis DOW23 (GFP-tagRFP). 

Time-lapse was done for 16 hours with a 15 minute interval. Of every 
strain the same four pictures were taken: phase contrast (GFP transmission 
light), FRET (GFP excitation, mCherry emission), donor (GFP excitation and 
emission), and acceptor (mCherry excitation and emission). In all cases the 
light exposure time was 0.2s and the light transmission was 32%. The 
microscope setup was the same as above except for the light source, which 
was now solid state TruLight Illumination (Applied Precision, Issaquah, USA). 
The microscope had a software-controlled stage to visit selected points 
routinely during a time-lapse experiment and the DeltaVision UltimateFocus 
was used to keep cells in focus. 

Sensitized emission – Data analysis 

Three biologically independent samples were used to obtain a total of 
eight images, necessary to do the FRET detection via sensitized emission and 
its corrections [217]: B. subtilis cells with only the donor, only the acceptor 
and with the donor and acceptor (Table 4). These samples with only one of the 
fluorophores are necessary to calculate the correction factor for the donor in 
the acceptor channel and vice versa, and to correct for bleedthrough (i.e. non-
specific excitation and emission events in the partner fluorophore filter 
channels). 

Here, FRET was performed with fluorescent proteins that were linked 
to each other by a TEV-protease cleavage site. Induction of the TEV-protease 
will cleave the fluorophores apart and is expected to result in a lower FRET 
efficiency. 

ImageJ (http://rsb.info.nih.gov/ij/index.html) was used to measure the 
pixel intensities of the B. subtilis cells and Microsoft Excel to process the data. 
First, the background pixel intensity was subtracted from the cellular pixel 
intensity and four correction factors were calculated to correct for the spectral 
overlap (equation 1-4). The letters in equation 1 to 6 [217] refer to the 
symbols in Table 4. 
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Equation 1.   𝛂 = 𝐝𝟐
𝐝⁄  

Equation 2.   𝛄 = 𝐜
𝐝⁄  

Equation 3.   𝛅 = 𝐝𝟐
𝐜⁄  

Equation 4.   𝛃 = 𝐛
𝐚⁄  

α corrects for the acceptor fluorescence in the donor channel, γ is the 
correction for the acceptor excitation efficiency by donor excitation light, δ 
corrects for the sensitized emission back into the donor channel and β is the 
correction for the donor fluorescence in the acceptor channel [217]. These 
factors were used to correct for bleedthrough of the fluorophores. 

The FRET was calculated with equation 5 [217] from the sensitized 
emission  of the acceptor fluorophore in image S (Table 4). Subtraction of βD 
from S removes the donor contribution to the acceptor channel, subtraction of 
(γ-αβ)A is necessary to correct for direct acceptor excitation, and the image is 
scaled by dividing by 1-βδ. 
  

Equation 5.   FRETsensitized emission =
S−βD−(γ−αβ)A

1−βδ
  

 
To calculate the FRET efficiency, the sensitized emission from equation 

5 is divided by the acceptor fluorescence intensity, A (Equation 6 [217]). The 
obtained FRET efficiency, Ea, is independent of fluorescence intensities, which 
can vary over time due to protein expression levels. 

 
Equation 6.   FRETefficiency, Ea =  FRETsensitized emission  A⁄  
 
Table 4. The eight images required for sensitized emission FRET. Table was redrawn 
based on a table from the W.M. Keck Center for Cellular Imaging [221]. The 
wavelengths for the filters are specified in the fluorescence microscopy section. 

Symbol Sample Excitation filter  Emission filter  

a Donor only Donor Donor 
b  Donor only Donor Acceptor 

c  Acceptor only Donor Acceptor 
d  Acceptor only Acceptor Acceptor 
d2  Acceptor only Donor Donor 

e (D) Donor and Acceptor Donor Donor 
f (S) Donor and Acceptor Donor Acceptor 
g (A) Donor and Acceptor Acceptor Acceptor 
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Frequency Domain Fluorescence Lifetime Imaging Microscopy 

The frequency domain MEM-FLIM system used (Lambert Instruments 
B.V.) [238], consists of a multi-LED light source containing 3W LEDs with peak 
intensities at 446 nm (for Cerulean) and 469 nm (for GFP), a signal generator 
and a prototype directly modulatable CCD camera. The MEM-FLIM system was 
mounted on a Nikon Eclipse Ti inverted microscope with a 100x oil phase 
contrast objective (1.40 NA). The filter combinations used for imaging 
Cerulean were ex. 436/20 nm; em. 480/40nm and for GFP em. 480/30 nm; ex. 
535/40 (Nikon). Erythrosine B (Sigma-Aldrich 87613), a fluorescein derivative, 
with a lifetime of 0.086 ns was used as a reference. Erythrosine B was 
dissolved in H2O and used with a concentration that matched the brightness of 
the samples. The MEM-FLIM system was operated using LI-FLIM software 
version 1.2.24 (Lambert Instruments B.V.). 

Phase contrast images were taken using transmission light and 0.1s 
exposure time. FLIM data was collected using 0.7s exposure time and 
modulated LED light for excitation. Fluorescence lifetime data was collected 
using a modulation frequency of 40 MHz.  For obtaining single cell 
fluorescence lifetime data the additional 1.5x magnification on the Nikon 
Microscope was used and the exposure time for collecting fluorescence 
images was extended to 1.5s. The LI-FLIM software was used for calculating 
the fluorescence lifetimes from phase shift data, see Zhao et al. [238] for 
details. 

Acceptor photo bleaching 

Acceptor photo bleaching was performed as described previously [95]. 
Briefly, for all strains the following pictures were made: three pictures before 
bleaching with the following filter settings: phase contrast, donor excitation 
and emission, and acceptor excitation and emission, now the acceptor was 
bleached for one minute at 100% light transmission using the mCherry filters, 
and then three pictures after bleaching were made with the following filter 
settings: phase contrast, donor excitation and emission, and acceptor 
excitation and emission. ImageJ was used to determine the fluorescence 
intensities of the donor before and after bleaching the acceptor. Pictures were 
taken from the donor-only strain (DOW05), and from the strain with donor 
and acceptor (DOW23) with and without induction of the tev protease 
encoding gene. 

The FRET efficiency can be calculated with Equation 7 [95]. 
Equation 7.  FRETefficiency, E =  (𝐼𝐷𝐴∗ − 𝐼𝐷𝐴) 𝐼𝐷𝐴∗⁄  

IDA is the donor fluorescence intensity in presence of the acceptor and 
IDA* is the donor fluorescence intensity after photo bleaching the acceptor. 
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Results 

Single cell observations of FRET detected via sensitized emission 

The aim of this work was to identify the best FRET-pair and to perform 
FRET at the single cell level in B. subtilis using fluorescence microscopy. 
Therefore, the suitability of various fluorescent proteins (FPs) for FRET 
purposes in B. subtilis was tested by expressing them pairwise and covalently 
linked. The FPs tested here were Cerulean (a cyan FP [167]), Venus (a yellow 
FP [148]), and sfGFP(Sp) [155] as donor and tagRFP (a red-orange FP, Evrogen), 
mCherry (a red FP [183]), and mKate2 (a far-red FP, Evrogen) as acceptor. The 
respective genes were cloned in the amyE locus of B. subtilis under control of 
the IPTG-inducible Phyperspank promoter, by using the newly constructed amyE 
integration vector pDOW (Figure 1), which allows for efficient BglBrick [5] 
assembly (Figure 2A). 

Measuring both high and low intracellular FRET efficiency is essential 
for benchmarking the methodology used in this study. Covalently linked pairs 
of fluorophores were constructed, using a linker that contains a TEV protease 
recognition site (Figure 2B). The functionality of the TEV-protease was tested 
before the search for the best FRET pair was started, to ensure that the 
protease is able to separate the two fluorophores from each other. Induction 
of TEV protease should induce uncoupling of the FRET pair, which results in 
loss of sensitized emission of the acceptor. Western blotting with GFP specific 
antibodies was performed to visualize the presence and size of the GFP 
containing proteins. As shown in Figure 2C, lane 3, the GFP-tagRFP synthetic 
dimer was readily produced. Upon induction of the tev gene, the heterodimer 
was efficiently cleaved into the monomers GFP and tagRFP (lane 4). Expression 
of the tev gene was a bit leaky, resulting in the presence of monomeric GFP 
without induction of tev expression (lane three). The band around 37 kDa in 
lane three is assumed to be a degradation product of the dimer. Overall, these 
results show that induction of the tev-protease gene results in an efficient 
separation of the FP pair (Figure 2C, lane 4). 

The process of data acquisition and analysis to calculate the FRET 
efficiency is shown with single cell images of the FRET pair GFP-tagRFP (Figure 
3 and Table 4). First, cells with only donor and only acceptor were imaged 
under the microscope in three channels (Figure 3 A -D2). Next, cells with donor 
and acceptor (the FRET pair) were imaged in the same three channels both 
with and without induction of TEV-protease (Figure 3E-G). Note the significant 
decrease in acceptor fluorescence (Figure 3F) in the presence of TEV-protease. 
The contributions of donor emission in the acceptor channel (Figure 3B) and 
the excitation of the acceptor by donor excitation (Figure 3C) were very small, 
but nevertheless these contributions need to be taken into account, because 
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this light in the FRET channel is not due to sensitized emission of the acceptor. 
After measuring the fluorescence intensities from all cells (Figure 3) the FRET 
efficiency measured via sensitized emission was calculated with Equation 6. 

FRET efficiencies of the different fluorophore pairs detected with 
sensitized emission are shown in Table 5. The following criteria were used to 
select the most suitable FRET pair from the various combinations of FPs: first, 
the signal to noise levels of the separate fluorescent proteins should be high 
(Table 6), so localization and dynamics of individual proteins fused to a given 
fluorescent protein can be studied. Second, the difference in FRET efficiency 
between the covalently bound and cleaved fluorophores should be high. The 
highest signal to noise levels for the individual fluorophores were observed in 
the case of GFP, mKate2 and tagRFP (Table 6). Therefore, GFP was selected as 
FRET donor in subsequent protein-protein interaction experiments. The best 
acceptors were tagRFP and mKate2. The quantum yields were 0.48 versus 0.40 
[39,137] and the relative brightness was 142 versus 74 for tagRFP and mKate2, 
respectively (as percentage of EGFP) [39]. Both fluorophores are monomeric 
[39], but the higher quantum yield of tagRFP will make protein interaction 
studies with the tagRFP easier for FRET analysis via sensitized emission since 
more of the donor resonance energy transfer to the acceptor will result in 
emission from the acceptor [185]. 
 

 
Figure 2. (A) The amyE integration vector pDOW23 with FRET-pair GFP-tagRFP. (B) 
Schematic representation of two fluorescent proteins and the linker containing the 
TEV-protease recognition site (ENLYFQG). (C) A Western Blot to show the cleaving of 
coupled fluorophores by the TEV-protease. GFP protein was visualized by 
chemiluminescence with GFP-antibodies. The lanes contain cell free extract from the 
following strains: lane 1, DOW05 (thrC::Pxyl-tev amyE::gfp), lane 2, DOW13 (thrC::Pxyl-
tev amyE::tagRFP), lane 3, DOW23 (thrC::Pxyl-tev amyE::gfp-tagRFP) from a culture 
without induction of the tev protease gene and lane 4, DOW23 (thrC::Pxyl-tev 
amyE::gfp-tagRFP) in which the tev protease gene was induced with 1% (w/v) xylose. 
Predicted sizes for GFP and tagRFP monomer are 27 kDa, and the complex 55 kDa. 

 
Based on the criteria of high signal to noise fluorescence and a large 

difference in FRET efficiency between the bound and cleaved fluorophores, 
GFP-tagRFP was chosen as the best FRET pair in B. subtilis (Table 5). Both the 
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fluorescence intensities and the FRET efficiency of the Cerulean-Venus, the 
GFP-mCherry, and the Venus-mCherry combinations were much lower than of 
the GFP-mKate2 or GFP-tagRFP combinations; therefore these pairs were 
excluded from further analysis. 
 

 
Figure 3. Fluorescence intensities of single cells for the FRET-pair GFP-tagRFP. 
Microscope excitation and emission filter settings are shown between brackets 
(d=donor, a=acceptor). For donor the filters (excitation, emission) were: GFP, GFP; for 
acceptor: mCherry, mCherry; and for FRET the filters were: GFP, mCherry. In all cases a 
GFP/mCherry polychroic mirror was used (400-470, 490-570, 580-630 and 640-730 nm 
range). A and B are cells where only donor fluorophore is present (GFP). C, D and D2 
are cells where only acceptor fluorophore is present (tagRFP). E, F and G (upper panel) 
are cells where donor-acceptor fluorophore (GFP-tagRFP) are coupled and  TEV-
protease is not induced. E, F and G (lower panel) are cells where donor-acceptor (GFP-
tagRFP) are uncoupled by induction of TEV-protease. The same signal scaling is used 
for all images. Note that the signals are false colored (GFP: green, tagRFP: red). Scale 
bar is 5 µm. 

 

FRET detection via sensitized emission can be confirmed by acceptor 
photo bleaching 

To support the above-presented FRET detection method via sensitized 
emission, an acceptor photo bleaching experiment on the GFP-tagRFP 
fluorophore pair was performed. FRET efficiency can be determined via 
acceptor photo bleaching [95]. When FRET occurs, the acceptor molecule 
quenches the donor fluorescence (resulting in decreased donor fluorescence), 
but when the acceptor is destroyed by photo bleaching it cannot quench the 
donor anymore, so increased donor fluorescence can be detected. 

To specifically photo bleach tagRFP, we placed live cells under the 
microscope and excited with 572/35 nm with 100% of the output of solid state 
TruLight Illumination for one minute. This resulted in a decrease of 35% of the 
tagRFP fluorescence. 
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Indeed, using the GFP-tagRFP pair, the donor (GFP) emission was 
lower when FRET occurs than when GFP and tagRFP are uncoupled by TEV-
cleavage. The pre-bleach fluorescence intensities of GFP were: 362 AU without 
TEV protease vs. 437 AU when TEV was produced. Moreover, after acceptor 
photo bleaching, an increase in donor fluorescence was observed when the 
GFP-tagRFP was coupled: the fluorescence intensities of GFP were 410 AU 
(13% increase) when GFP-tagRFP was coupled vs. 429 AU (1.8% decrease) 
when GFP-tagRFP was uncoupled. Acceptor photo bleaching increases the GFP 
fluorescence with 13% when the fluorophores were linked to each other. 
When the fluorophores were uncoupled by the TEV-protease, the donor 
fluorescence was approximately the same before and after photo bleaching 
(437 vs. 429), which is a good control for this method. 

The FRET efficiency E (see Equation 7) is (𝐼𝐷𝐴∗ − 𝐼𝐷𝐴) 𝐼𝐷𝐴∗⁄  = (410-
362)/410 = 0.12 for GFP-tagRFP in this acceptor photobleaching experiment. 

In total, we showed that the GFP-tagRFP pair can be efficiently used as 
a FRET pair for protein interactions in live B. subtilis cells. 
 
Table 5. The FRET efficiency Ea of the different FRET pairs, measured via Sensitized 
Emission. 

  FRET efficiency, Ea 

 R0 Donor-Acceptor 
covalently bound 

Donor-Acceptor 
Cleaved by 
protease 

Difference 

Cerulean-
Venus 

5.3
a
 0.02 +/- 0.00 0.01 +/- 0.00 0.01 

GFP-mCherry 5.28[185] 0.05 +/-0.03 0.02 +/- 0.00 0.03 

GFP-mKate2 ~5.31
b
 0.14 +/- 0.02 0.00 +/- 0.03 0.14 

GFP-tagRFP 5.74[185] 0.22 +/- 0.09 0.01 +/- 0.06 0.21 

Venus-
mCherry 

5.7
a
 0.03 +/- 0.02 0.01 +/- 0.00 0.02 

a
 http://www.microscopyu.com/tutorials/java/fluorescence/fpfret/index.html 

b
 Calculated based on the GFP, mKate2, and tagRFP spectra from www.evrogen.com. 

For formulas see reference [66,114]. The spectral overlap of GFP-tagRFP and GFP-
mKate2 are very similar (Evrogen spectra), but the extinction coefficient εA of mKate2 is 
smaller than the εA of tagRFP (62,500 vs. 100,000 M

-1
 cm

-1
). Multiplying the spectral 

overlap J(λ) of GFP-tagRFP with 0.625 resulted in a calculated R0 of 5.31 for GFP-
mKate2. 
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Table 6. Fluorescence intensities of B. subtilis cells with the various fluorescent 
proteins. The column with the FRET channel, the most important part of the data, is 
highlighted. Fluorescence intensities were measured with three different microscope 
filter settings for excitation and emission filters: donor,donor; donor,acceptor; and 
acceptor,acceptor (as indicated by the letters between brackets

a
. d=donor, 

a=acceptor).  
b
Sensitized emission is determined from this sample and these filter 

settings. The values here are a triplicate of the average intensity of 50 cells. The 
standard deviations are shown as well. 
 Fluorescence intensity 

 Donor only Acceptor only Donor and acceptor (FRET) 

 (d,d)a (d,a) a (a,a) a (d,a) a (d,d) a (d,a) a, b (a,a) a 

Cerulean 4.86 
±0.86 

2.42 
±0.45 

     

Venus   373.16 
±40.85 

3.81 
±0.47 

   

Cerulean-Venus     4.18 
±1.71 

9.29 
±2.68 

266.44 
±43.12 

Cerulean, Venus cleaved     3.73 
±0.67 

5.24 
±0.89 

214.32 
±15.61 

GFP 432.39 
±85.25 

11.23 
±2.47 

     

mCherry   57.00 
±22.97 

2.14 
±0.60 

   

GFP-mCherry     583.88 
±33.12 

29.31 
±5.39 

165.42 
±14.77 

GFP, mCherry cleaved     555.99 
±18.56 

21.61 
±1.61 

127.14 
±23.68 

GFP 471.13 
±20.20 

13.98 
±1.62 

     

mKate2   77.40 
±16.53 

4.94 
±1.06 

   

GFP-mKate2     483.29 
±55.88 

33.74 
±5.99 

98.90 
±21.60 

GFP, mKate2 cleaved     536.91 
±114.16 

20.70 
±4.79 

86.11 
±31.93 

GFP 421.92 
±84.29 

11.53 
±1.73 

     

tagRFP   41.06 
±7.36 

3.82 
±0.69 

   

GFP-tagRFP     572.89 
±12.98 

38.21 
±9.20 

72.16 
±13.73 

GFP, tagRFP cleaved     563.96 
±57.18 

19.44 
±1.31 

36.28 
±25.79 

Venus 163.11 
±16.79 

15.82 
±7.10 

     

mCherry   81.55 
±6.49 

4.62 
±1.39 

   

Venus-mCherry     190.35 
±56.06 

33.11 
±11.96 

190.63 
±1.20 

Venus, mCherry cleaved     138.84 
±24.14 

22.76 
±9.61 

144.52 
±21.69 
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FRET efficiency dynamics in time-lapse experiments 

This study focusses on finding appropriate FRET-pairs for studying 
temporal behavior of protein-protein interactions. The GFP-tagRFP FRET pair 
was used in a time-lapse experiment to determine if the FRET efficiency is 
stable over time. Both covalently bound and TEV-protease treated GFP-tagRFP 
produce a constant FRET efficiency (Figure 4). A FRET-efficiency altering 
process like unequal protein degradation was hereby excluded. Any FRET-
efficiency dynamics found in future protein-protein interaction experiments 
can be attributed to the given protein-protein interactions. 
 

 
Figure 4. The FRET efficiency, Ea, was determined over time with a fluorescence 
microscopy time-lapse experiment. The covalently bound GFP-tagRFP, e.g. no TEV-
protease, results in a high FRET efficiency (red line) and when the GFP-tagRFP is 
uncoupled by inducing the TEV-protease encoding gene, it results in a low FRET 
efficiency (black line). Error bars show the standard deviation of three replicate 
experiments. At least 50 single cells were analyzed at each time point. 

 

FRET-FLIM 

The fluorescence lifetime of GFP on its own was 2.56 ns (Table 7). 
When GFP was coupled to an acceptor, the fluorescence lifetime was reduced, 
i.e. 2.22 ns for GFP-tagRFP, and when the GFP and the acceptor were 
uncoupled by expression of TEV-protease the GFP fluorescence lifetime 
increased again (Table 7). However, the fluorescence lifetime of GFP in the 
uncoupled FRET pair did not increase back to the situation of GFP only, which 
might indicate that the cleavage of the fluorophores was not 100%. 
The FRET efficiency can be calculated from the fluorescence lifetimes with 
equation 8 [114]. 

Equation 8.  FRET Efficiency 𝐸 = 1 −  
𝜏𝐷𝐴

𝜏𝐷
  

where τDA is the fluorescence lifetime of the donor in presence of an acceptor 
and τD is the fluorescence lifetime in the absence of an acceptor. The highest 
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FRET efficiencies were 11% and were obtained for GFP-mKate2 and GFP-
tagRFP, the FRET efficiency for GFP-mCherry was only 4%. The Cerulean 
fluorescence lifetime could not be determined, because of technical 
limitations (non-appropriate filters on the MEM-FLIM mounted microscope). 
 

 
Figure 5. Single cells FLIM measurements. (A1) B. subtilis cells are shown where the 
GFP-tagRFP fluorophores are linked. (B1) B. subtilis cells are presented where the GFP 
and tagRFP fluorophores are cleaved apart. (C1) B. subtilis cells where GFP-tagRFP 
fluorophores are linked are mixed in a 1:1 ratio with B. subtilis cells where the GFP-
tagRFP fluorophores are cleaved apart; resulting in a mix of cells with either short GFP 
fluorescence lifetime due to quenching by tagRFP or long GFP fluorescence lifetime. 
Visualization of cells in A1, B1, and C1 was done with a Look-Up-Table from LI-FLIM. 
A2, B2 and C2 present the same cells, but now a MatLab script was used to categorize 
the cells into two categories: cells with short GFP lifetimes are shown in cyan and cells 
with long GFP lifetimes are shown in magenta. (D) Fluorescence lifetime based 
histogram of the cells described in A2-C2, black, cyan, magenta and dotted lines 
present GFP_only, linked fluorophores, cleaved fluorophores and a mix of the two 
populations, respectively. Scale bar is 5 µm. 

 
Cells containing GFP-tagRFP were used to study the usability of the 

prototype MEM-FLIM system for FRET-FLIM measurements at the single 
bacterial cell level (Figure 5). In the top part of Figure 5 cells with coupled 
fluorophores, cells with uncoupled fluorophores or a mix of cells with coupled 
and uncoupled fluorophores were false-colored with a look-up-table from the 
LI-FLIM software. Using a MatLab script for automated cell sorting, these cells 
were categorized into two groups based on fluorescence lifetime values; cells 
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with short lifetime were false-colored cyan and with long lifetime were false-
colored magenta; threshold value was set to 2.3 ns (Figure 5A 2-C2). This script 
was also used to make a fluorescence lifetime based histogram (figure 5D). 
The histogram confirms that the cells from Figure 5C 2 contained cells with 
short and long fluorescence lifetime. This showed that the MEM-FLIM 
prototype allows single bacterial cell FLIM and can resolve inter-individual 
fluorescence lifetimes. 
 
Table 7. The FRET efficiency Ea of the different FRET pairs, measured with FLIM. The 
fluorescence lifetime of GFP_only is 2.56 ns. The fluorescence lifetimes shown here are 
calculated with the LI-FLIM software from the average of all pixels in five regions of 
interest filled with a monolayer of cells. 

 Fluorescence lifetime (ns)  

 Donor-Acceptor 
covalently bound 

Donor-Acceptor 
Cleaved by protease 

Ea 

GFP-mCherry 2.37 +/- 0.03 2.47 +/- 0.01 0.04 

GFP-mKate2 2.24 +/- 0.02 2.51 +/- 0.03 0.11 

GFP-tagRFP 2.22 +/- 0.02 2.51 +/- 0.01 0.11 

 

Discussion 

Intermolecular FRET analysis allows in vivo examination of protein-
protein interactions. It has been successfully applied for studying the sensor 
kinases CitA and DcuS in E. coli [172] and the Fts division proteins in E. coli [2]. 
The proteins from the competence machinery in B. subtilis have been studied 
via acceptor photo bleaching [106] and the chemotaxis pathway in E. coli has 
been studied extensively with acceptor photo bleaching as well [94], but 
acceptor photo bleaching does not allow examination of the dynamics. 

Here we studied which FRET-pair would be a suitable candidate for in 
vivo FRET analysis in B. subtilis. FRET detected via sensitized emission showed 
that, out of the pairs tested, the GFP-tagRFP pair is the best candidate for FRET 
purposes in B. subtilis, based on the relative brightness and the quantum yield 
of tagRFP (see also results section). Earlier work showed the suitability of GFP-
tagRFP and GFP-mCherry FRET-pairs in HeLa cells [158,185]. However, the 
observed FRET efficiency in B. subtilis is low for GFP-mCherry using both 
sensitized emission and FLIM (Table 5 and 7), despite the fact that the spectral 
overlap between GFP and mCherry is high as well as the fluorescence 
intensities. In case of sensitized emission the low FRET efficiency for the GFP-
mCherry combination could also be the result of the calculation method used 
in our study (equation 6). Division by A – the acceptor fluorescence intensity – 
results in lower FRET efficiency for GFP-mCherry, because A is much higher for 
GFP-mCherry than for GFP-tagRFP or GFP-mKate2 (Table 6). However, FLIM 
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measurement data is independent of intensities and the FRET-FLIM data 
confirms the data from the sensitized emission experiments (Table 5 and 7). In 
both cases GFP-mKate2 and GFP-tagRFP are the best two FRET pairs. 

GFP-mCherry is often used as a FRET pair in interaction studies with 
high FRET efficiencies. In this study it might be that the properties of the linker 
prevent proper orientations of both fluorophores resulting in poor FRET 
efficiencies for this FRET-couple. FRET efficiency is dependent on three criteria 
for obtaining FRET. Of those criteria only the spectral overlap is independent 
of the construct used. The fluorophore distance and relative orientation of the 
donor and acceptor molecules depend on the linker sequence. Therefore, the 
FRET efficiencies reported here reflect the situation with the TEV-protease 
cleavable linker. FRET-efficiencies in earlier work range from 4 to 46% 
[2,106,172,212]. 

Individually, the fluorescent proteins are efficiently produced (Table 6) 
and, when linked together, the GFP-tagRFP pair has the highest FRET 
efficiency. The benefit of red-shifted FRET-pairs is in accordance with earlier 
work [66,185], and one possible  explanation is the larger Förster radius [66]. 

The FRET-FLIM set-up used here allows measurements of FRET-
efficiency on a single bacterial cell level (Figure 5). This shows the potential of 
this system to study the dynamics in protein-protein interactions. At this point, 
the prototype CCD-sensor has limited sensitivity, only allowing single bacterial 
cell FLIM with highly expressed FRET pairs and is therefore not yet widely 
applicable for studies in bacteria. However, when fusion proteins are put 
under control of strong promoters, relevant data might be obtainable, even 
for normally low-expressed proteins. Alternatively, improved systems could be 
incorporated in existing microscopy set-ups allowing fast FRET readouts during 
e.g. time lapse microscopy or microfluidic experiments for the study of 
protein-protein interaction dynamics. 
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Abstract 

Protein complexes have been suggested to be the prokaryotic 
equivalent of organelles. Studying protein-protein interactions at the single 
cell level will give more insight into the heterogeneity of those interactions. 

In this study the dynamics of the interaction between CcpA and HPr 
was investigated. CcpA and HPr proteins were labeled with GFP and tagRFP, 
respectively, and Förster Resonance Energy Transfer (FRET) was used to study 
their interaction. FRET was detected both via sensitized emission and FRET-
FLIM, however, detectable interaction between CcpA and HPr could not be 
observed with the applied methods. This could be due to the ratio of CcpA:HPr 
in the cells, which is probably outside the range of 1:10 or 10:1 so the FRET 
signal can get lost in the background. It could also be the result of the linker 
that was used to fuse the proteins with the fluorescent proteins; the linker 
might not bring the fluorophores in close proximity or in proper orientation. 
Future experiments with a more sensitive FLIM device will make it possible to 
study protein-protein interactions at the single cell level. Also, the 
heterogeneous character of the protein-protein interactions can be examined. 
Here, using a spectrum scan on the culture level, we could show that CcpA and 
HPr interact only during the exponential part of the growth phase. As 
suggested before, this observation confirms that CcpA and HPr ensure a rapid 
growth of the bacterium because it helps to make efficient use of nutrients. 

Introduction 

Bacteria have been seen as vesicles without internal structural 
organization for a long time, but due to the crowded macromolecular 
environment in cells, a high level of organization is expected and has indeed 
been observed [18,111,116,211]. 

Many proteins in the cytoplasm localize to specific areas within the cell 
[111], by a so-called diffusion-and-capture mechanism [116]. However this has 
mainly been shown for cell-pole located proteins. Besides protein localization, 
also protein-protein interactions are important, and in the crowded cell 
associations between molecules are ubiquitous [138,140]. A large number of 
protein-protein interactions in Bacillus subtilis were found by using the Yeast-
two-hybrid (Y2H) technique, where on average five interactions per protein 
have been found [131]. Furthermore, the existence of a higher-scale physical 
protein-protein interaction in B. subtilis, termed the TCA-cycle metabolon, was 
shown by both crosslinking of proteins with formaldehyde for affinity pull-
down followed by identification via mass spectrometry, and by applying a 
bacterial-two-hybrid system [138]. 



Probing the dynamics of CcpA HPr interactions by FRET 

59 
 

Gram positive bacteria like B. subtilis employ a mechanism called 
carbon catabolite control (CCC) to ensure the prioritized usage of preferred 
carbon sources, such as glucose, when different carbon sources are present 
[63,70]. CcpA and HPr are the main proteins in controlling CCC in Gram-
positive bacteria (see also chapter 5). The metabolite fructose-1,6-
bisphosphate is an intermediate of glucose metabolism that triggers HPrK/P to 
phosphorylate HPr on Ser46. HPr-Ser46-P then forms a complex with CcpA, 
which binds to specific DNA sites called catabolite responsive elements (cre) 
[180]. When the cre site is located upstream of the promoter, gene expression 
will be upregulated, whereas gene expression will be repressed when the cre 
site is located downstream of the promoter. The first evidence for the 
interaction between CcpA and HPr in Bacillus megaterium [46], underlined 
that HPr must be phosphorylated on the Serine46 in order to interact with 
CcpA. The same study revealed that fructose-1,6-bisphosphate (FBP), fructose-
1-phosphate (F1P) and glucose-6-phosphate (G6P) enhance CcpA and HPr 
complex formation [46]. In vitro studies using Surface Plasmon Resonance 
(SPR) in B. megaterium and B. subtilis showed that CcpA binding to a cre site 
increases 50-fold when HPr-Ser46-P is added [9,180]. While the first structure 
of the CcpA-HPr-Ser46-P complex has been solved without the DNA binding 
domain of CcpA from B. megaterium [179], the structure of the full complex 
was resolved later for B. subtilis [176]. Interestingly, the interaction between 
CcpA and HPr was not detected in the previously mentioned Y2H study [131]. 

The aim of this study was to resolve the interaction of CcpA and HPr in 
live cells over time. Therefore, the genes coding for GFP and tagRFP were 
fused downstream to the genes coding for CcpA and HPr at their native locus 
with their native promoter (C-terminally, based on the crystal structure 
because both C-termini are freely available at the side of the complex (Figure 
1A, [176]). The native promoter was used to ensure naturally occurring copy 
numbers of the proteins. The resulting proteins were fluorescently labeled: 
CcpA-GFP and HPr-tagRFP. Förster Resonance Energy Transfer (FRET, see also 
chapter 2 and [160]) was used to examine the protein-protein interactions. 
FRET was detected via sensitized emission and FLIM (chapter 2). 

CcpA and HPr were expected to show an interaction when the cells 
were grown on a glucose supplemented medium and no interaction was 
expected when the cells were grown on a ribose supplemented medium as 
ribose is not a CCC activating sugar [188]. However, using both FRET detected 
via sensitized emission and FRET-FLIM, we could not detect this interaction on 
any of these media. 
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Materials and methods 

Bacterial strains, plasmids, oligonucleotides, and growth conditions 

All strains, plasmids, and oligonucleotides used here can be found in 
Table 1, Table 2, and Table 3. Escherichia coli MC1061 was used as an 
intermediate host for cloning. All strains were grown on Lysogeny Broth (LB) 
for cloning, and on Spizizen’s Minimal Medium (SMM) with 0.5% glucose and 
trace elements for protein-protein interactions experiments, this medium will 
be called Chemically Defined Medium (CDM) from here on [77]. Spectinomycin 
(Sigma) was used at a final concentration of 100 μg/ml in LB, chloramphenicol 
(Sigma) at a final concentration of 5 μg/ml in LB, and kanamycin (Sigma) at a 
final concentration of 10 μg/ml in LB. 

Recombinant DNA techniques 

Standard lab routines like PCR, DNA purification, restriction and 
ligation were done as described previously [171]. Phusion DNA polymerase, 
Fast Digest Restriction enzymes, and T4 DNA ligase were obtained from 
ThermoScientific (St. Leon-Rot, Germany). PfuX7 DNA polymerase [154] was a 
gift from Bert Poolman’s lab (University of Groningen). USER enzyme was 
obtained from New England Biolabs. The PCR purification kit and the plasmid 
isolation kit were from Roche. 

Construction of strains with fluorescently labeled CcpA and HPr 

USER cloning [154] was used to construct the CcpA-GFP and HPr-
tagRFP translational fusions. Therefore, the genes ccpA and ptsH coding for 
CcpA or HPr, their respective flanking regions, the gene coding for the 
fluorophore and the gene coding for antibiotic resistance were cloned into the 
pUC18 plasmid. The GFP coding sequence was cloned in frame with ccpA in 
the native locus of the B. subtilis genome immediately downstream of the 
ccpA gene to ensure that the C-terminal ccpA-gfp fusion product was under 
control of the native ccpA promoter. The following amino acid linker was used 
to fuse CcpA and GFP: SAGSAAGSGA (DNA sequence: 
TCGGCTGGCTCCGCTGCTGGTTCTGGCGCA) [223]. For ligation, the following 
purified PCR products were mixed in equimolar concentrations: ccpA, 
gfp(Sp)[155], specr (from pDOW01, chapter 2), ytxD, and pUC18. 1 µl USER 
enzyme was added to this mixture and ligation was performed in two steps 
(20 minutes at 37°C and 20 minutes at room temperature). Subsequently, this 
mixture was transformed to competent E. coli MC1061 cells. 

The tagRFP (Evrogen) coding sequence was cloned in frame with ptsH 
in the native locus immediately downstream of ptsH to ensure that the C-
terminal ptsH-tagRFP fusion product was under control of the native promoter 
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of the ptsGHI operon. The same amino acid linker as mentioned above was 
used to fuse HPr and tagRFP. In the ligation reaction, the following purified 
PCR products were mixed in equimolar concentrations: ptsGH, tagRFP (from 
pDOW13, chapter2), ptsI, cam

r 
(from pSG1151 [120]), splAB’, and pUC18. 1 µl 

USER enzyme was added to this mixture and ligation was performed in two 
steps (20 minutes at 37°C and 20 minutes at room temperature). 
Subsequently, this mixture was transformed to competent E. coli MC1061 
cells. The sequences of the pUC_ccpA and pUC_ptsH plasmids were confirmed 
by sequencing at MacroGen (Amsterdam, The Netherlands). Naturally 
competent B. subtilis cells were transformed with these pUC-derivatives as 
described before [77], which integrated in the B. subtilis genome at the native 
locus of ccpA or ptsH via double homologous recombination. In the resulting 
strains, the original ccpA or ptsH gene is replaced by the corresponding gene 
fusions with either gfp or tagRFP. 

Western blotting 

Western blotting was done as described in chapter 2. Anti-CcpA (rabbit 
serum, [109]) or anti-RFP (rabbit serum, Invitrogen Molecular Probes) 
antibodies were used for detection of the CcpA-GFP or HPr-tagRFP protein 
fusions, respectively. 

Single cell protein-protein interaction experiments 

B. subtilis CcpA-GFP, B. subtilis HPr-tagRFP, and B. subtilis CcpA-GFP 
HPr-tagRFP were each streaked on LB agar plates with appropriate antibiotics 
from -80°C stocks and grown overnight at 37°C. A single colony was taken 
from the plate to inoculate 3 ml LB with antibiotic and grown for eight hours 
at 37°C while shaking at 200 rpm. The LB grown culture was diluted 1:1000 
into CDM with glucose or ribose as the carbon source and further grown 
overnight at 37°C while shaking at 200 rpm. After 16 hours, the cultures were 
diluted to an OD600 of 0.08 in 6 ml fresh CDM and grown at 37°C while shaking 
at 200 rpm. A 100 µl sample was taken every hour for spectrophotometric 
determination of the cell density at OD600 and simultaneously another 100 µl 
sample was 10x concentrated by centrifugation (10,000 rpm, 1min) for 
protein-protein interaction experiments. These were either performed with 
the wide-field microscope (Personal DeltaVision) or with the MEM-FLIM 
system on the Nikon microscope (see chapter 2 for microscope details). Cells 
were immobilized for microscopy on a 1% agarose slide. 

Four pictures were taken for each strain for the FRET detected via 
sensitized emission: 1. Phase contrast (GFP transmission light), 2. FRET (GFP 
excitation, mCherry emission), 3. Donor (excitation and emission with GFP 
filters) and 4. Acceptor (excitation and emission with mCherry filters). The light 
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exposure time and the light transmission were always kept constant with 0.5s 
and 32% T, respectively. 

Data analysis was done exactly as described in chapter 2. In brief, pixel 
intensities of the images were measured with ImageJ  
(http://rsb.info.nih.gov/ij/index.html) and background signals were 
subtracted. The FRET efficiency Ea was calculated as described in chapter 2. 

Single cell protein-protein interactions studied with Fluorescence 
Lifetime Imaging Microscopy (FLIM) 

B. subtilis CcpA-GFP and B. subtilis CcpA-GFP HPr-tagRFP strains were 
cultivated as described above. Samples for FLIM experiments were taken from 
liquid cultures at indicated time points. FLIM experiments with single cells 
were done as described in chapter 2. Cells from the liquid cultures were 
concentrated 10 times by centrifugation to do FLIM experiments with a 
multilayer of cells. 

Single cells protein-protein interactions with cells fixed with 
formaldehyde 

B. subtilis strains were cultivated as described above. At indicated time 
points in the growth curve 200 μl culture was spinned down (5 min, 10,000 
rpm) and resuspended in 200 μl 2% formaldehyde in PBS (fresh made, 
formaldehyde stock solution from J.T. Baker was stabilized in 10-15% 
methanol). Subsequently the culture was incubated for 20 minutes at room 
temperature, spinned down again and resuspended in 10 μl 50 mM PBS (pH 
7.0). Subsequently, the strains were used for fluorescence microscopy. 

Whole culture protein-protein interaction experiments 

The protein-protein interaction experiment was also determined with 
the BioTek Synergy Mx plate reader. There, the cultivation of the strains was 
the same as described above, but with the following change: the overnight 
CDM cultures were grown six hours longer on 37°C while shaking at 200 rpm. 
Now the strains were diluted 1:50 in 200 µl fresh CDM with glucose or ribose 
in a 96 well microplate (polystyrene, flat bottom, Greiner Bio-one, Germany). 
The plate was loaded in the plate reader, incubated at 37°C overnight and 
every 30 minutes the OD600 was measured, and the GFP was excited at 485 nm 
followed by a spectrum scan (505-745 nm). This spectrum scan was done for 
each of the three strains. The fluorescence intensity from the donor only and 
from the acceptor only strains were subtracted from the donor + acceptor 
intensity. 

  

http://rsb.info.nih.gov/ij/index.html
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Functionality of the CcpA-GFP and HPr-tagRFP protein fusions tested 
via lacZ activity 

A 248 bp promoter region of ackA [198] and a 305 bp promoter region 
of citZ (predicted by SoftBerry [194]) were taken from the B. subtilis genome 
by PCR amplification with the primers indicated in Table 3. Purified ackA and 
citZ PCR products were restricted with SalI and EcoRI and ligated into equally 
restricted placZ. Subsequently, these ligation products were transformed to 
competent E. coli MC1061 cells and constructs were confirmed by sequencing 
at MacroGen (Amsterdam, The Netherlands). Naturally competent B. subtilis 
wild type cells and naturally competent B. subtilis CcpA-GFP HPr-tagRFP cells 
were transformed with either one of the two promoter placZ plasmids or with 
empty placZ plasmid as described before [77]. These placZ plasmids integrated 
into the B. subtilis genomes at the amyE locus via double homologous 
recombination. 

B. subtilis wild type or B. subtilis CcpA-GFP HPr-tagRFP strains 
containing a Pempty-lacZ, PackA-lacZ, or PcitZ-lacZ were inoculated into 3 ml 
LB with kanamycin and grown overnight at 37°C while shaking at 200 rpm. 
After 16 hours, each of the six cultures was diluted to an OD600 of 0.04 in 5 ml 
fresh LB medium and grown to early exponential phase (OD600 of 0.4). 1 ml 
culture was harvested by centrifugation (1 min, 10,000 rpm) and immediately 
used to determine the β-galactosidase activity, measured in Miller units, as 
described before [88]. 
 
Table 1. B. subtilis strains used in this study. 

Strain Genotype Source or reference 

E. coli 
MC1061 

F
–
 araD139 Δ(ara-leu)7696 galE15 galK16 

Δ(lac)X74 hsdR2 (rK
–
mK

+
) mcrA mcrB1 rpsL (Str

r
) 

Laboratory stock, 
[27] 

B. subtilis   

168 trpC2 Bacillus Genetic 
Stock Center, [236] 

DOW31 trpC2 ccpA-GFP(Sp) Spec
r 

This study 

DOW32 trpC2 ptsH-tagRFP Cam
r 

This study 

DOW33 trpC2 ccpA-GFP(Sp) Spec
r  

and ptsH-tagRFP Cam
r 

This study 

DOW34 trpC2 amyE::Pempty-lacZ Kan
r 

This study 

DOW35 trpC2 amyE::PackA-lacZ Kan
r
 This study 

DOW36 trpC2 amyE::PcitZ-lacZ Kan
r
 This study 

DOW37 DOW33 with amyE::Pempty-lacZ Kan
r 

This study 

DOW38 DOW33 with amyE::PackA-lacZ Kan
r
 This study 

DOW39 DOW33 with amyE::PcitZ-lacZ Kan
r
 This study 
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Table 2. The plasmids used in this study. 

Plasmid Genotype Source or reference 

pUC18 Amp
r
 lacZ’ NCBI accession L09136 

pUC_CcpA Amp
r
 lacZ’ ccpA-GFP Spec

r
 ytxD This study 

pUC_ptsH Amp
r
 lacZ’ ‘ptsG ptsH-tagRFP ptsI cam

r 

splAB’  
This study 

placZ Amp
r
 amyE’ Kan

r 
lacZ amyE Bacillus Genetic Stock 

Center and [237] 

placZ-PackA Amp
r
 amyE’ Kan

r 
PackA-lacZ amyE This study 

placZ-PcitZ Amp
r
 amyE’ Kan

r 
PcitZ-lacZ amyE This study 

 
Table 3. Sequences of the oligonucleotides used in this study. Restriction sites are 
shown in italics. 

Oligonucleotide Sequence (5’ -> 3’) 

pUC18_REV ATCCCCGGGTUCCGAGCTCGAATTC 

pUC18_FW AGAGTCGACCUGCAGGCATGCAAGCTTGG 

CcpA_FW TACCCGGGGAUTTATGCTTTCTCGTTTATTTAG 

CcpA_REV AGCCAGCCGAUGACTTGGTTGACTTTCTAAG 

GFPopt_FW+linker ATCGGCTGGCUCCGCTGCTGGTTCTGGCGCAATGGTTTCTAAAGGT
GAAGAATTG 

GFPopt_REV AAGCTTGCUCTTTGTTTTTCTTATTTATACAATTCATCCATACCATGT
GTAATAC 

spec_FW AGCAAGCTUCACCTTTATGGTGAACGTAACGTGACTGGCAAGAG 

spec_REV AAGAAGATUACCAATTAGAATGAATATTTC 

ytxD_FW AATCTTCTUGCTTTTTTCATGGGGAGAAATG 

ytxD_REV AGGTCGACTCUCTAAGCTTCATGTACAGATCCCTTTTTTG 

ptsG_FW TACCCGGGGAUTTTGGATTCCGATTTGCCATCCGCAAATTTAATC 

ptsH_REV AGCCAGCCGACUCGCCGAGTCCTTCGCTTTTC 

tagRFP_FW AGTCGGCTGGCUCCGCTGCTGGTTCTGGCGCAATGTCAGAACTTAT
CAAGGAAAATATG 

tagRFP_REV ATTCTTGCATTAUTTATGTCCCAATTTACTAGG 

ptsI_FW ATAATGCAAGAAUTAAAAGGGATTGG 

ptsI_REV AGCGAAAAAUAAAAACCAGACAGGCCGGAGGC 

camR_FW ATTTTTCGCUACGCTCAAATC 

camR_REV ATGAAGCCUTTGAGTGAGCTGATAC 

splA_FW AGGCTTCAUAAGTAAGGGTATAGAAGG 

splA_REV AGGTCGACTCUTAGCCTGCTTTTGCAACTTTTAC 

ackA_FW_SalI ACGGGTCGACCATGATTGACGCTCCTTTATAC 

ackA_REV_EcoRI ATCTGAATTCAACACAAAATACAGAGGGAAAAAC 

citZ_FW_SalI ACGGGTCGACCATATATAACATCTCCTTTTCAATAAATTTC 

citZ_REV_EcoRI CTCCGAATTCATGCAAAAACCCGCAAATAAAG 
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Results 

Expression levels of the CcpA-GFP and HPr-tagRFP proteins 

Based on the CcpA-HPr-Ser46-P crystal structure [176], we decided to 
fuse the fluorescent proteins to the C-termini of CcpA and HPr, because those 
termini are located freely at the surface of the complex (Figure 1A). 

 

 
 
Figure 1. (A) Crystal structure showing the heterodimer of CcpA-HPr-Ser46-P in 
complex (figure adapted from PDB 3OQM [176]). The fluorescent proteins were fused 
to the indicated C-termini. (B and C) Western Blots showing the protein fusion 
products CcpA-GFP and HPr-tagRFP in cell free extract of three B. subtilis strains 
carrying the indicated protein fusions. The three strains were grown on CDM with 
glucose (lane 1-3) or with ribose (lane 4-6) as the carbon source. (B) The CcpA-GFP 
protein fusion was visualized by chemiluminescence with CcpA-antibody. The predicted 
size for CcpA is 37 kDa and for CcpA-GFP it is 65 kDa. (C) The HPr-tagRFP protein was 
visualized by chemiluminescence with RFP-antibody. Predicted size for HPr is 9 kDa and 
for HPr-tagRFP it is 36 kDa. 
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It was expected that fusion of fluorescent proteins at the C-termini 
would not interfere with complex formation and functionality of CcpA and HPr 
(see also LacZ activity test in this chapter). The expression levels of CcpA-GFP 
or HPr-tagRFP in the strains B. subtilis CcpA-GFP (strain DOW31), B. subtilis 
HPr-tagRFP (strain DOW32), and B. subtilis CcpA-GFP and HPr-tagRFP (strain 
DOW33) were verified by Western blotting with an anti-CcpA or an anti-RFP 
antibody. During growth in CDM with glucose or ribose as carbon source, both 
protein fusions were fully expressed, although the protein copy number on 
ribose was markedly lower (Figure 1B and C). The native, non-fused CcpA 
protein was detected in strain DOW32 (lane 2 and 5 in Figure 1B), but 
unlabeled HPr from strain DOW31 could not be visualized because an HPr 
antibody was not available (Figure 1C). Taken together, it could be judged that 
the expression of the desired fusion constructs was successful within the 
desired strain backgrounds. 

CcpA and HPr interactions in live single cells 

The protein fusions were found to be correct (Figure 1), so protein-
protein interaction experiments were performed. FRET is a promising 
technique for live cell protein interaction studies because there is no need to 
fix cells and fluorophore intensities can be measured for continuous intervals 
of time (see chapter 2 for a FRET introduction and [160]). Thus, the FRET 
technique was used to study the dynamics of protein-protein interactions of 
CcpA and HPr. 

Three B. subtilis strains carrying the CcpA-GFP fusion, the HPr-tagRFP 
fusion, or the CcpA-GFP plus the HPr-tagRFP protein fusions were grown in 
CDM with either glucose or ribose as a carbon source. The interaction was 
measured in the CcpA-GFP plus HPr-tagRFP strain and the other two strains 
(donor only and acceptor only) were necessary to do corrections to determine 
the FRET efficiency. Earlier work showed that glucose is the most important 
sugar for CCC [45,63,70] and that there is almost no CCC when B. subtilis is 
grown on ribose [188]. CcpA and HPr have to interact to perform CCC, thus it 
was expected to observe an interaction between CcpA and HPr when the 
strains were grown on CDM with glucose. The experiment with ribose as 
carbon source served as a negative control where no protein-protein 
interaction was expected. 

An interaction between CcpA and HPr was observed at the beginning 
of the exponential growth phase when glucose was used as a carbon source 
(filled squares, Figure 2A). No protein-protein interaction between CcpA and 
HPr was observed when ribose was used as a carbon source (open squares, 
Figure 2A), as expected because earlier work already showed that CCC is most 
active when cells were grown on a preferred sugar [63,70]. 
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However, this CcpA HPr interaction is probably weak under native 
circumstances in view of the low FRET efficiency. Only one of several attempts 
resulted in a quantifiable FRET signal (Figure 2A). The experiment was 
repeated many times; the interaction was examined at various phases during 
the growth curve (Figure 2C) and also in a CDM medium with glucose plus 
ribose (Figure 2D). Fluorescence intensities of the separate protein fusions 
were good (data not shown), but FRET efficiency calculations only yielded 
efficiencies very close to zero. 
 

  
Figure 2. (A) The interaction between CcpA and HPr was represented over time by the 
FRET efficiency (squares). Protein-protein interaction between CcpA and HPr was 
observed with glucose as carbon source (filled squares), but not with ribose as carbon 
source (open squares). The OD600 was represented by the circles. (B) 1 B. subtilis CcpA-
GFP on CDM with glucose, 2 B. subtilis CcpA-GFP on CDM with ribose, 3 B. subtilis HPr-
tagRFP on CDM with glucose, 4 B. subtilis HPr-tagRFP on CDM with ribose. Image 1 and 
2 were false-colored green and image 3 and 4 were false-colored red. (C) The 
interaction experiment from Figure 2A was repeated but the interaction could not be 
shown again. (D) The interaction between CcpA and HPr was measured in CDM with 
glucose (filled squares) and in CDM with glucose and ribose (open squares) as 
combined carbon sources. 
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Fluorescence microscopy indicated that when the CcpA-GFP strain was 
grown on CDM with glucose the CcpA-GFP localized on the nucleoid (Figure 
2B1), but when grown on CDM with ribose the CcpA-GFP was everywhere in 
the cytoplasm (Figure 2B2). This could be an indication that the CcpA protein is 
still functional when fused to GFP. HPr-tagRFP localizes in both CDM with 
glucose or with ribose everywhere in the cytoplasm (Figure 2B3 and 4), as 
expected because HPr has two functions: it is a phosphocarrier in the EII sugar 
uptake system and an interaction partner of CcpA. 

CcpA and HPr interactions studied with FLIM 

The above described FRET detected via sensitized emission is an 
indirect way to measure protein-protein interactions, because it depends on 
fluorescence intensities, donor and acceptor ratio, and on the corrections for 
spectral bleedthrough. Since the FRET results were puzzling, we decided to 
employ Fluorescence Lifetime Imaging Microscopy (FLIM, see chapter 2 for 
more details) to examine the interactions. As opposed to FRET detected via 
sensitized emission, FRET-FLIM is a direct method, in which the fluorescence 
lifetime of the donor is measured directly and quantitatively. The fluorescence 
lifetime of the donor (CcpA-GFP in this case) is defined as the time needed to 
decay to 1/e (=37%) of the initial fluorescence intensity directly after 
excitation. Interaction with an acceptor (in this case HPr-tagRFP) can quench 
the donor fluorescence: it offers an additional way for the CcpA-GFP to return 
to the ground state i.e. to decrease the fluorescence lifetime of CcpA-GFP. This 
difference in CcpA-GFP fluorescence lifetime can be measured with FLIM. 

To this end, interaction between CcpA and HPr was studied here with 
a MEM-FLIM prototype (see chapter 2). Unfortunately, results from single cell 
measurements showed that the MEM-FLIM prototype was not sensitive 
enough for reliably determining fluorescence lifetimes for these low copy 
fluorescent proteins (data not shown). This could be improved by imaging a 
multilayer of B. subtilis cells with the MEM-FLIM device. We were able to 
measure fluorescence lifetime values, but the difference between samples and 
the negative controls was statistically not significant (Figure 3). 

Though FRET-FLIM was not successfully applied for this study, we 
could show that this method, at its current developmental stage, only works 
for induced, high copy proteins (see chapter 2). 
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Figure 3. FRET-FLIM was used to examine the interaction between CcpA and HPr. The 
bars represent the average CcpA-GFP fluorescence lifetime which was measured from a 
multilayer of cells: in the donor only strain (CcpA-GFP, first bar), and in the strain 
where also the HPr-tagRFP fusion was present. The strain with the two protein fusions 
was grown on CDM with glucose (second bar) or on CDM with fructose (third bar). 
 

CcpA and HPr interactions in live cell cultures 

After the attempts to study the CcpA HPr interaction on the single cell 
level, we examined the CcpA HPr interaction on the culture level. Therefore, a 
spectrum scan from 500-750 nm was done for the three B. subtilis strains with 
a time-interval of 30 minutes while the cells were growing in CDM in a 96-well 
plate. The GFP emission (maximum at 507 nm) and the tagRFP emission 
(maximum at 584 nm) are within this wavelength area. The GFP was excited in 
this experiment and an interaction between CcpA and HPr should result in 
sensitized emission of the tagRFP. With the plate reader it was technically not 
possible to record all required images for proper FRET efficiency calculations 
(see Table 4 in chapter 2). However, a rough estimation of the FRET efficiency 
could be obtained by subtracting the fluorescence signal of the donor only 
strain and of the acceptor only strain from the fluorescence signal of the 
donor + acceptor strain (Figure 4). The observed increase in acceptor emission 
in Figure 4A is an indication that an interaction between CcpA and HPr occurs. 
This FRET efficiency estimation differed over time: CcpA and HPr interacted 
during the exponential phase; from 4 till 10 hours (Figure 4A). The interaction 
only occurred when the strains were grown on CDM with glucose and not 
when the strains were grown on CDM with glucose plus ribose or with ribose 
(Figure 4B and C). 
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Figure 4. The interaction between CcpA and HPr was studied on the culture level. 
With a microtiter plate reader a spectrum scan was made from 500-750 nm from the 
three B. subtilis strains. Shown in figure A-C is the fluorescence intensity of B. subtilis 
CcpA-GFP HPr-tagRFP minus the signal from B. subtilis CcpA-GFP and minus the signal 
from B. subtilis HPr-tagRFP. All three strains were grown in CDM medium with either 
(A) glucose, (B) glucose + ribose, or (C) ribose as carbon source. Figure A-C were made 
in MatLab, the heat map for the fluorescence intensity is shown on the right. (D) The 
OD600 of the B. subtilis CcpA-GFP HPr-tagRFP strain (DOW33) on CDM with three 
different carbon sources; glucose (squares), glucose + ribose (circles), or ribose 
(triangles). 
 

CcpA and HPr interactions in cells fixed with formaldehyde 

One possibility for the fact that interactions could not be observed, 
might be that the interactions are too short-lived and extremely transient (as 
suggested by Williamson et al. [227]). Incubation of cells in a formaldehyde 
solution is a common method for cell fixing used for PALM and TIRF 
microscopy and for pull-down studies to analyze protein interaction partners. 
Therefore, we fixed the cells with formaldehyde to study the interaction 
between CcpA and HPr. However, we were not able to obtain significant CcpA 
HPr FRET efficiencies after cell fixation (data not shown). 
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Functionality of the CcpA-GFP and HPr-tagRFP protein fusions tested 
via lacZ activity 

Earlier work showed that CcpA and HPr need to form a complex for 
efficient CCC [46,70,180]. Two promoter-lacZ fusions were made to test 
whether CcpA and HPr were still functional when fused to a fluorescent 
protein. The promoters of these genes (ackA and citZ) are normally regulated 
by CcpA [202], so if CcpA-GFP and HPr-tagRFP are still functional then the β-
galactosidase activity of these promoter-lacZ fusions should be the same as for 
the unlabeled CcpA and HPr in the wild type strain. 

As a positive control, we choose the promoter of the gene coding for 
acetate kinase AckA, which has been reported to be upregulated by CcpA in 
presence of glucose [198]. However, within the growth conditions used here 
(LB + 1% glucose), ackA up regulation could not be observed for both strains 
(Figure 5). The β-galactosidase activity was the same for both strains. 
Additionally, the gene coding for citrate synthase CitZ, the entry point of the 
citric acid cycle, is normally repressed by CcpA in presence of glucose, but the 
results from our experiments clearly indicated an up regulation (Figure 5). The 
β-galactosidase activity is more or less the same for both strains. The β-
galactosidase activities were not as expected which could be due to the 
growth condition used here (LB + 1% glucose). It could be that gene regulation 
by CcpA is more tightly controlled in a minimal medium because there it is 
more important to make efficient use of the available nutrients (as discussed 
in chapter 5). 
 

 
Figure 5. Promoter-lacZ fusions to show that CcpA-GFP and ptsH-tagRFP were still 
functional. PackA-lacZ, PcitZ-lacZ, and Pempty-lacZ fusions in a wild type B. subtilis 
strain (black bars) and in the B. subtilis CcpA-GFP HPr-tagRFP strain (white bars). 
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Discussion 

The original goal of this PhD-project was to examine the TCA-cycle 
interactions, in live cells via FRET, which have been shown already by bacterial 
two hybrid experiments [138]. In that study it has been shown that malate 
dehydrogenase (Mdh), citrate synthase (CitZ), and isocitrate dehydrogenase 
(Icd) form a core metabolon which also interacts with aconitase (CitB) and 
fumarase (CitG). Based on that study, we made protein-FP fusions of Mdh, 
CitZ, and Icd with GFP and tagRFP in such a way that each possible interaction 
between these three enzymes could be studied. However, those interactions 
could not be shown in vivo (data not shown). Williamson et al. suggest that 
metabolons are difficult to study because they are probably very fragile [227]. 
Other studies also hypothesize on the transient and weak character of such 
metabolons [38,143]. After our attempts to study the TCA-cycle metabolon in 
vivo we decided to study the dynamics of the interaction between CcpA and 
HPr in vivo, because of the potential of FRET and the successful development 
of a method to screen whether FP-pairs are good FRET pairs (chapter 2). 

This study aimed at resolving the dynamics of the interaction between 
CcpA and HPr. Therefore, different growth conditions were investigated and 
different techniques to measure FRET were used. It seems that CcpA and HPr 
interact most during the beginning of the exponential growth phase to ensure 
a fast initial growth of the culture (Figure 2A). However, we were not able to 
reproducibly show the interaction or the dynamics of the interaction between 
CcpA and HPr in live B. subtilis cells. 

One possibility to enhance the FRET efficiency could be to determine 
the functionality and efficacy of the linker used to construct the fusion 
proteins. In a future experiment where FRET will be used to study protein-
protein interactions one should have a close look into which linker will be used 
to fuse the proteins of interest to a fluorophore in a FRET experiment. Arai et 
al. have studied the FRET efficiency between EBFP and EGFP with 8 different 
linkers, varying in length from 4 to 30 amino acids (aa), and varying from 
flexible to α-helical [6]. This resulted in a threefold variation in FRET efficiency, 
where the 19 aa flexible linker had the highest efficiency and the 30 aa α-
helical linker had the lowest efficiency. In that study two fluorescent proteins 
were fused together with the goal of bringing the fluorescent proteins in the 
most optimal position for FRET. In this study a 10 aa long flexible linker was 
used, consisting of SAGSAAGSGA [223], to label CcpA or HPr with a fluorescent 
protein. The goal here was the same: bring the fluorescent proteins in the 
optimal position for FRET; thereby enabling the examination of the dynamics 
of the interaction between CcpA and HPr. 

Without doubt, FRET has been proven to be a valuable technique for 
studying conformational changes of a protein, when both the donor and 



Probing the dynamics of CcpA HPr interactions by FRET 

73 
 

acceptor are fused to that protein (intramolecular FRET). But intermolecular 
protein-protein interactions are difficult to measure, because of intrinsic 
limitations of FRET. There could be many reasons to explain the lack of 
significant FRET efficiencies: the crosslinking method, the linker used to fuse 
CcpA with GFP and HPr with tagRFP; it might be too flexible causing the donor 
and acceptor fluorophore to be not in the correct orientation or too long so 
the distance between the donor and acceptor is too large. There is an inverse 
6th power relation between the distance and the FRET efficiency [114], so the 
FRET efficiency decreases rapidly when the distance increases. The copy 
number ratio of donor (CcpA-GFP) and acceptor (HPr-tagRFP) could also be out 
of the range for determination of FRET; the ratio should be between 1:10 and 
10:1 [160]. If there is an excess of donor or acceptor then it might be difficult 
to measure FRET because a large amount of the donor or acceptor population 
is not interacting. According to earlier work HPr is 22x more abundant than 
CcpA in a glucose and ammonium minimal medium at mid-log and 7x more 
abundant 1.5 hour after glucose exhaustion [126]. In this study the CcpA : HPr 
ratio can only be estimated from fluorescence intensities; GFP is 10x brighter 
than tagRFP (chapter 2, table 5) and CcpA-GFP is 4.5x less bright than HPr-
tagRFP (this chapter, data not shown) so the CcpA-GFP : HPr-tagRFP ratio is 
approximately 1:45. If that ratio is valid under these conditions then the FRET 
signal cannot overcome the background fluorescence. The copy number of the 
proteins in a cell could be another reason; more fluorescent proteins means 
more photons and thus a higher signal to noise ratio. The FRET method is 
particularly more suitable for eukaryotic cells were protein copy numbers are 
much higher [98,212]. 

We advise other researchers who wish to study protein-protein 
interactions (intermolecular FRET) to do this only when FRET will be detected 
via FLIM because that is intensity independent and thus not dependent on 
signal to noise ratios of fluorescence intensities. Furthermore, FLIM is a direct 
method: the decrease in fluorescence lifetime of the donor caused by 
interaction with an acceptor, FRET, is directly measured. Researchers 
interested in studying protein-protein interactions should also check whether 
the copy numbers of the proteins of interest are similar; within the range 10:1 
or 1:10 [160]. The pitfall during this work was that the copy numbers of CcpA 
and HPr are probably out of this range and that the sensitivity of the MEM-
FLIM system was not yet sensitive enough for bacterial cells. However, we 
foresee enormous potential for an improved, more sensitive MEM-FLIM 
system to study protein-protein interactions. 
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Abstract 

Carbon catabolite control is required for efficient use of available 
carbon sources to ensure rapid growth of bacteria. CcpA is a global regulator 
of carbon metabolism in Gram-positive bacteria like Bacillus subtilis. In this 
study the genome-wide gene regulation of a CcpA knockout and three specific 
CcpA mutants were studied by transcriptome analysis, to further elucidate the 
function of specific binding sites in CcpA. The following three amino acids were 
mutated to characterize their function: M17(R) which is involved in DNA 
binding, T62(H) which is important for the allosteric switch in CcpA upon HPr-
Ser46-P binding, and R304(W) which is important for binding of the 
coeffectors HPr-Ser46-P and fructose-1,6-bisphosphate. The results confirm 
that CcpA was also involved in gene regulation in the absence of glucose. 
CcpA-M17R showed a small relief of Carbon Catabolite Control; the CcpA-
M17R mutant regulates fewer genes than the CcpA-wt and the palindromicity 
of the cre site is less important for CcpA-M17R. CcpA-T62H was a stronger 
repressor than CcpA-wt and also acted as a strong repressor in the absence of 
glucose. CcpA-R304W was shown here to be less dependent on HPr-Ser46-P 
for its carbon catabolite control activities. The results presented here provide 
detailed information on alterations in gene regulation for each CcpA-mutant. 

Introduction 

Gram-negative and Gram-positive bacteria employ a mechanism called 
carbon catabolite control (CCC) to use carbon sources in a preferential manner 
[63,70,201]. This mechanism ensures optimal use of the available nutrients 
and results in a fitness advantage in a natural environment. The Gram-positive 
bacterium Bacillus subtilis uses a global transcriptional regulator, carbon 
catabolite protein A (CcpA), to employ CCC. Together with the seryl 
phosphorylated form of the histidine-containing protein, HPr, are the main 
coeffector for transcriptional regulation of various operons, it is involved in 
regulation of carbon utilization, overflow metabolism, amino acid anabolism 
and nitrogen assimilation [45,63,70,196]. HPr is a phosphocarrier protein from 
the phosphotransferase system (PTS) transferring phosphoryl groups from its 
histidine 15 residue to EIIA enabling specific sugar transport by EII complexes. 
The regulatory function of HPr is initiated when a preferred carbon source like 
glucose is metabolized and the intracellular concentration of fructose-1,6-
bisphosphate (FBP) increases. FBP stimulates the HPr kinase/phosphatase 
(HPrK/P), which phosphorylates HPr at serine 46 and thereby converting HPr 
into the CcpA-binding form [63,70,177]. Additionally, HPrSer46-P-CcpA 
complex formation can be stimulated by glucose-6-phosphate (G6P) and (FBP) 
[63,70]. Moreover, there is a second protein effector: the catabolite 
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responsive HPr (Crh) that binds CcpA at the same site as HPr-Ser46-P when Crh 
is phosphorylated at serine 46 by HPrK/P [178]. The binding of HPr-Ser46-P to 
CcpA triggers an allosteric switch in CcpA allowing CcpA to bind its cognate 
DNA sequences, the catabolite responsive elements (cre) [45,70,201]. These 
cre sites are semi-palindromic sequences with the following consensus: 
WTGNNARCGNWWWCAW (R is G or A, W is A or T, and N is any 
base)[142,176]. After DNA binding CcpA can either act as a repressor, i.e. 
when the cre site is downstream of the promoter, (Carbon Catabolite 
Repression, CCR) or, in much fewer cases, as an activator, i.e. when the cre site 
is upstream of the promoter, (Carbon Catabolite Activation, CCA). However, 
there are also exceptions to this rule: the cre site of the levanase operon is 
upstream of the promoter but it is repressed by CcpA [136]. The expression of 
10% of the genes in B. subtilis are affected by CcpA when glucose is present in 
the medium [63], and the expression of 8% of the genes are affected in the 
absence of glucose [144]. 

CcpA belongs to the LacI family [82] and consists of an N-terminal DNA 
binding domain, and a C-terminal core protein containing the HPr-Ser46-P 
binding site, an effector binding cleft for G6P and FBP and a dimerization 
domain [176,177]. The crystal structures of B. subtilis and B. megaterium 
CcpA-HPr-Ser46-P bound to different cre sites and structures of CcpA with FBP 
and G6P show which amino acids are important for DNA binding, for complex 
formation, and for coeffector binding [176,177]. Studies of point mutations in 
CcpA, HPr and Crh have contributed to elucidate the molecular function of 
several amino acids in the complex [47,86,110,198]. However, differential 
effects of distinct CcpA point mutations on CCR in vivo have also been found. 
This cannot be explained solely by a comparison of the available structures or 
interaction analyses because other regulators are also involved in gene 
regulation of carbon metabolism (e.g. regulon specific regulators such as 
RbsR). 

In this study, we examined the regulons of specific CcpA mutants. 
Therefore, three specific amino acids in CcpA were mutated (Figure 1A) and 
examined by transcriptome analyses to study the effects on CCC. Two of these 
mutants, CcpA-M17R and CcpA-R304W, have been shown in a previous study 
to differentially regulate gntR, xynP, alsS and ackA [198]. Interestingly, these 
mutants are located in different regions: M17 is in the DNA binding domain 
and contacts the cre site specifically, while R304 makes an important contact 
to the Ser46-P of HPr. The third mutant, CcpA-T62H was found to repress xynP 
very strongly in the absence of glucose (unpublished data). Threonine 62 is the 
last residue of the allosteric switch domain, mediating the signal of HPr-Ser46-
P binding to the DNA binding domain [176]. The aim of the transcriptome 
analysis presented here was to study the effect of the point mutations on a 
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genome-wide level and elucidate the mutant specific regulons. Furthermore 
we examined the presence of specific correlations between the deregulated or 
regulated genes and altered cre site binding. Will all genes and operons be 
affected equally by a specific mutation in CcpA or are some genes of the 
regulon more affected than others? This will provide novel insights on the 
importance of the residues M17, T62, and R304. 

Materials and methods 

Bacterial strains, plasmids and oligonucleotides 

B. subtilis 168 trpC2 strains (Table 1) were grown on Lysogeny Broth 
(LB). E. coli MC1061 was used as a cloning host. All plasmids are listed in Table 
2 and the oligonucleotides in Table 3. The C-medium contains 70 mM K2HPO4, 
30 mM KH2PO4, 25 mM (NH4)2SO4, 0.5 mM Mg2SO4, 10 µM MnSO4, 22 mg/l 
Ferric Ammonium Citrate, 250 µM L-Tryptophan, and 0.4% (w/v) glucose. C-
medium supplemented with glutamate contains 0.03% (w/v) L-Glutamate and 
when it was also supplemented with branched chain amino acids it contained 
0.25% (w/v) L-Isoleucine, 0.25% (w/v) L-Leucine, 2.5% (w/v) L-Valine, and 2.5% 
(w/v) L-Methionine. Uridine 5’-monophosphate (Sigma) was added to C-
medium in a final concentration of 20 mg/l. 

Recombinant DNA techniques 

PCR and DNA purification were done as previously described [171]. 
Pfux7 DNA polymerase [154] was a kind gift from Bert Poolman (University of 
Groningen), USER enzyme was obtained from New England Biolabs. 
Sequencing was done at MacroGen (Amsterdam, Netherlands). 

Construction of B. subtilis ccpA::spec 

The B. subtilis ccpA knockout strain was made by allelic replacement 
with a spectinomycin resistance gene. Therefore, 1000 bp flanking regions of 
ccpA were amplified from the B. subtilis genome by PCR. The first flanking 
region was upstream of ccpA (primers aroA_FW and aroA_REV) and the 
second flanking region was downstream of ccpA (primers ytxD_FW and 
ytxD_REV). PCR with Pfux7 as polymerase was also used to amplify pUC18 and 
the spectinomycin gene from pDOW01 [43] (see the primers in Table 3). 
Cloning of the DNA fragments (pUC18, aroA, specr, ytxD) was done using the 
uracil-excision DNA engineering method [154]. The ligation product, hereafter 
called pUC18-ΔccpA, was transformed to E. coli. Plasmid sequence was 
confirmed by sequencing. 

Natural competent B. subtilis [77] was transformed with pUC18-ΔccpA, 
which integrated into the native locus of ccpA, thereby replacing the ccpA 
gene by a spectinomycinr gene (strain DOW41 in Table 1). In the resulting ccpA 
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knockout strain the region from 223 bp upstream till 1037 bp downstream of 
the ccpA translational start site was knocked out; the promoter and the ccpA 
gene were deleted. 

Colony PCR and PCR on isolated chromosomal DNA (with primers: 
spec_FW, spec_REV, ccpA_FW_check, ccpA_REV_check) were used to check 
whether the plasmid was inserted via double recombination and whether the 
ccpA gene was removed. 

Construction of the ccpA mutant strains 

All previous analyses of the CcpA mutants were done with C-terminally 
His-tagged CcpA, but the His-tag free plasmid pWH2422 was used here to rule 
out side-effects resulting from a His-Tag fused to CcpA. This plasmid carries 
wildtype ccpA without a His-tag encoding region under control of its own 
promoter and a lambda terminator downstream of the gene. For this purpose 
wildtype ccpA was amplified from plasmid pWH144 [86] using the primer 
ccpAmut1 and BlpIin, restricted with XbaI and BlpI and cloned into pWH144 
yielding pWH2422. The plasmid pWH2422-ccpA-R304W was cloned 
analogously with a PCR fragment using the primer ccpAmut1 and BlpIin with 
the template pWH920 [198] carrying the mutant allele ccpA-R304W. Plasmids 
pWH2422-ccpA-M17R and pWH2422-ccpA-T62H were subcloned in pWH2422 
from pWH1541-ccpA-M17R [198] and pWH144-ccpA-T62H via the restriction 
sites XbaI and ClaI. Plasmid pWH144-ccpA-T62H was isolated from a plasmid 
pool of a randomization of T62. The randomization was done by a two-step 
PCR mutagenesis using the primers ccpAmut1, BsuT62rand and hisbam. 

Natural competent B. subtilis ccpA::spec (strain DOW41 in Table 1) 
cells were transformed with the resulting pWH2422-ccpA mutant plasmids as 
described before [77], and plated on LB-agar plates supplemented with 2 
µg/ml erythromycin. Colonies were checked for plasmid integrity with primers 
pUP19 and pRev19. 

DNA Microarray analyses 

Lysogeny Broth (LB), supplemented with 2 µg/ml erythromycin when 
necessary, was inoculated with B. subtilis 168 trpC2 strains from -80°C and 
grown overnight at 200 rpm at 37°C. Next morning, the cells were diluted to 
an OD600 of 0.04 in fresh LB with 2 µg/ml erythromycin and 1% (w/v) glucose 
and grown at 200 rpm and 37°C until the OD600 was 0.3. Now 100 ml of cell 
culture was harvested by centrifugation (6000 rpm, 5min) and used for RNA 
isolation. Cell pellets were resuspended in 400 µl TE (DEPC) buffer, and 
transferred to screw-cap tubes with 0.5 g glass beads (<106 microns, Sigma), 
50 µl 10% SDS and 500 µl phenol/chloroform:IAA (a 1:1 pre-made mixture of 
phenol acid and chloroform:IAA (24:1); from this mixture the organic phase 
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was used). The screw-capped tubes were placed in a bead beater for two 
times one minute to lyse the cells. Total RNA was isolated with the High Pure 
RNA Isolation Kit (Roche). The RNA concentration was measured with the 
NanoDrop (ND-1000 spectrophotometer, NanoDrop Technologies) and the 
quality was checked on a 1% agarose gel supplemented with 1% bleach. 

Superscript III Reverse Transcriptase (Invitrogen) and 20 µg of total 
RNA were used for cDNA synthesis as described before [125]. Aminoallyl 
labeled cDNA was labeled with DyLight550 or DyLight650 (ThermoScientific). 
Now cDNA from B. subtilis ccpA-wt cells and cDNA from B. subtilis ccpA-
mutant cells were mixed in a 1:1 ratio and hybridized overnight on home-
made DNA microarray aminosilane glass slides [125]. Hybridization of cDNA on 
home-made slides was done three times with cDNA from three independent 
experiments, and the third time the dyes were swapped (see the NCBI GEO 
submission GSE69575 for details). 

Slides were washed, dried and scanned with a GenePix 4200AL 
scanner (Axon Instruments, CA, USA). The images of the scans were analyzed 
with ArrayPro4.5 (Media Cybernetics Inc., Md, USA) 

Further analysis was done with PrePrep [215], Prep, PostPrep and 
Cyber-T [214] as described before [125,132]. 

Bayes p-values were used to calculate the significance and average 
spot intensity values were used to calculate the fold change of gene 
expression as described before [123,132]. Results shown here are the average 
of two biological replicates and a technical replicate (dye-swap). Only genes 
with a Bayes p-value smaller than 0.001 and a fold change larger than 1.7 or 
smaller than -1.7 were used for further analysis. 

The microarray data is available at the NCBI GEO database 
(http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE69575. 

Western Blotting 

B. subtilis cells harboring the plasmids with a ccpA mutant were grown 
as described above. Two milliliters of cells were harvested by centrifugation 
(5min, 10,000 rpm) at an OD600 of 0.3. The pellets were resuspended in 200 µl 
50 mM Tris-Cl pH 7.4, a spatula tip of glassbeads (<106 microns, Sigma) was 
added and subsequently cells were lysed by mini-bead beating (two times one 
minute, Mini-Beadbeater-16, Biospec products). After centrifugation (5min, 
10,000 rpm) the supernatant was transferred to a clean tube. Total protein 
was measured with the DC Protein Assay (Bio-Rad) to ensure that equal 
amounts of protein were used. 30 µl of 2x SDS loading buffer was added to 20 
mg of total protein in a volume of 30 µl and heated for five minutes at 90°C 
before loading on a 12% SDS-PAGE gel. After electrophoresis, the proteins 
were transferred to a PVDF membrane (60 minutes, 80 mA). The PVDF 
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membrane was incubated in PBST + 5% (w/v) skim milk at 4°C overnight. Next 
morning, the PVDF membrane was washed three times ten minutes with PBST 
and subsequently incubated at room temperature for two hours in PBST + 5% 
skim milk + 1:10,000 dilution of anti-CcpA antibody [109]. The membrane was 
again washed three times ten minutes with PBST and then incubated 1.5 hour 
in PBST + goat-anti-rabbit Ig-horseradish peroxidase (Amersham Biosciences) 
at room temperature. Now the membrane was washed two times ten minutes 
with PBST. 2 ml of ECL detection reagent (GE Healthcare) and the Molecular 
Imager ChemiDoc XRS+ (Bio-Rad) were used for signal visualization. 
 
Table 1. B. subtilis strains used in this study. 

Strain Genotype Source or reference 

E. coli 
MC1061 

F
–
 araD139 Δ(ara-leu)7696 galE15 galK16 

Δ(lac)X74 hsdR2 (rK
–
mK

+
) mcrA mcrB1 rpsL 

(Str
r
) 

Laboratory stock, [27] 

B. subtilis   

168 trpC2 Bacillus Genetic Stock 
Center, [236] 

DOW41 trpC2 ccpA::spec
r 

This study 

DOW42 DOW41 with pHT304 This study 

DOW43 DOW41 with pWH2422-ccpA-wt This study 

DOW44 DOW41 with pWH2422-ccpA-M17R This study 

DOW45 DOW41 with pWH2422-ccpA-T62H This study 

DOW46 DOW41 with pWH2422-ccpA-R304W This study 

 
Table 2. The plasmids used in this study. 

Plasmid Genotype Source or reference 

pUC18  NCBI accession number 
L09136 

pUC18-ΔccpA Amp
r
 aroA Spec

r
 ytxD This study 

pHT304  [7] 

pWH144-ccpA-T62H pHT304 ccpAhis T62H This study 

pWH2422-ccpA-wt pHT304 ccpA This study [7] 

pWH2422-ccpA-M17R pHT304 ccpA-M17R This study 

pWH2422-ccpA-T62H pHT304 ccpA-T62H This study 

pWH2422-ccpA-R304W pHT304 ccpA-R304W This study 

 
Table 3. The oligonucleotides used in this study. 

Oligonucleotide Sequence (5’ -> 3’) 

pUC18_FW AGAGTCGACCUGCAGGCATGCAAGCTTGG 

pUC18_REV ATCCCCGGGTUCCGAGCTCGAATTC 

spec_FW AGCAAGCTUCACCTTTATGGTGAACGTAACGTGACTGGCAAGAG 

spec_REV AAGAAGATUACCAATTAGAATGAATATTTC 

ytxD_FW AATCTTCTUGCTTTTTTCATGGGGAGAAATG 
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ytxD_REV AGGTCGACTCUCTAAGCTTCATGTACAGATCCCTTTTTTG 

aroA_FW TACCCGGGGAUAAAAAACCCTTGAACATTG 

aroA_REV AAGCTTGCUAACGAGAAAGCATAAAAAAAG 

ccpA_FW_check GACGGCATCGTGTTTATGGG 

ccpA_REV_check TCTATACGGTGCGGCAGTTC 

pUP19 ATTAAGTTGGGTAACGCCAG 

pRev19 TCGTATGTTGTGTGGAATTG 

ccpAmut1 ATAATATCTAGAACCAAGTATACGTTTTCATC 

BlpIin ATAATAATAGCTCAGCTTATGACTTGGTTGACTTTCTAAG 

BsuT62rand ACCTACAGTSNNTGTTTTTTT 

hisbam TATTATTATGGATCCTTAGCTTCCTTAGCTCCTGA 

 

Results 

Expression levels of the CcpA mutant proteins 

The expression levels of the different CcpA proteins were verified by 
Western blotting with anti-CcpA antibody before starting with the 
transcriptome analysis. Therefore, cell free extracts from B. subtilis harboring 
the plasmids with the ccpA mutants were loaded on a SDS-PAGE gel, 
transferred to a membrane and incubated with anti-CcpA antibody (Figure 1B). 
The DC Protein Assay (Bio-Rad) was used to measure the total protein 
concentration in the cell free extract; this was used to ensure loading equal 
amounts of total protein on the gel. The ccpA on the pWH plasmid was 
expressed under the control of its native promoter, but despite the low copy 
number of the plasmid the amount of CcpA was higher than in wildtype B. 
subtilis (Figure 1B). The increase in CcpA expression from this plasmid has 
been observed before [198]. The expression of the CcpA mutants from 
plasmid were all very similar, so the observed changes in gene expression in 
the microarray are most likely due to the mutation in CcpA and not due to 
changes in the expression level. No CcpA was detected in the ccpA knockout 
strain, indicating the successful removal of the gene (Figure 1B). An unspecific 
band around 45 kDa was observed for all variants, which was not related to 
CcpA because it was also visible in the knockout strain and not related to the 
inserted plasmid because it was also visible in the wildtype strain. 
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Figure 1. (A) The crystal structure of CcpA-HPr-Ser46-P in complex with the AckA2-cre 
site, viewed along the DNA (left) and perpendicular to the DNA (right). The two CcpA 
monomers were shown in red and purple, the two HPr-Ser46-P monomers were shown 
in yellow and green, and the DNA was shown in black. The amino acids that were 
mutated in this study were highlighted in ribbon style in blue (adapted from PDB 
3OQM [176]. (B) The expression levels of the different CcpA mutants were shown on a 
Western Blot. Crude extracts of the B. subtilis strains with the different ccpA mutants 
were loaded on gel, transferred to a membrane and the CcpA proteins were visualized 
via chemiluminescence with a CcpA specific antibody. The size of the CcpA protein was 
37 kDa. CcpA in lane 4-7 was expressed from plasmid. The B. subtilis ccpA::spec strain 
was utilized in lane 2-7, and complemented with ccpA on the indicated pHT304 derived 
plasmid. The empty pHT304 vector served as negative control. 

 
The effects of the CcpA knockout and of the point mutations in the 

CcpA protein (M17R, T62H, or R304W) were studied on the transcriptome 
level at the early exponential growth phase (OD600 of 0.3) and always 
compared to the transcriptome of B. subtilis pWH-ccpA-wildtype. All strains 
were grown in LB, either in the presence or absence of 1% glucose. Our goal 
was to study whether all genes of the regulon will be up- or down regulated 
equally or in a differential way. The results will be presented for each mutant 
separately in the sections below. 

The gene regulation of CcpA knockout compared to wildtype CcpA 

The ccpA knockout strain had an altered gene regulation for 216 genes 
when the strain was grown in LB + 1% glucose (Table 5, supplementary file, 
sheet1&2). There is a large variety in the fold changes between the 
differentially regulated genes, confirming that the strength of transcriptional 
activation or repression by CcpA differs for each regulon. The expression of 
189 of these genes was upregulated, confirming that CcpA mainly functions as 
a repressor. 61 of these 216 genes were members of the originally annotated 
CcpA regulon which consists of 213 genes [128,202]. The CcpA regulon as 
listed in SubtiWiki has been compiled from different papers (personal 
communication with Jörg Stülke, Göttingen, Germany) and might also contain 
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indirectly regulated genes. Categorizing these 216 genes into COGs showed 
that most genes were from the groups Energy production and conversion and 
Carbohydrate transport and metabolism (Figure 3). When the ccpA knockout 
strain was grown in LB then the expression of 89 genes was changed (Table 5, 
supplementary file, sheet4&5), of which 31 genes belong to the CcpA regulon 
as listed in SubtiWiki. 55 genes were more abundant now compared to CcpA-
wt, showing that CcpA was still active in the absence of glucose because those 
55 genes were repressed by CcpA-wt. Most genes can be categorized again in 
Energy production and conversion and Carbohydrate transport and 
metabolism (Figure 3). The findings from the ccpA knockout strain served as a 
reference to interpret the results from the CcpA-mutants. Our main questions 
were: are the CcpA-mutants more or less active in repression or activation 
than the wildtype? Are all genes affected to similar extents or in a differential 
way? 

The gene regulation of CcpA-M17R compared to wildtype CcpA 

Most likely CcpA-M17R lost part of its capacity to repress genes, as 
can be concluded from the large number of derepressed genes. The gene 
regulation of the CcpA-M17R mutant differed significantly from the ΔCcpA 
mutant. Of the genes that were affected by CcpA-M17R 53% differed from the 
genes that were affected in the ΔCcpA strain (Figure 2A and supplementary 
file, sheet2). The number of affected genes was smaller (Table 5) indicating 
that the function of the CcpA-M17R mutant was similar to the CcpA-wt, but 
with lowered affinity for most binding sites. When the CcpA-M17R mutant 
strain was grown in LB + 1% glucose the gene regulation for 129 genes (115 up 
and 14 down) differed from CcpA-wt (Table 5, supplementary file, sheet1&2). 
Only 27 of these genes belonged to the CcpA regulon from SubtiWiki. 
Especially genes from COG categories: [C] Energy production and conversion, 
[R] General function prediction, and [T] Signal transduction mechanisms 
showed a weaker regulation by CcpA-M17R (Figure 3). 

When the CcpA-M17R mutant strain was grown on LB then 67 genes 
(38 up and 29 down) had a changed gene regulation compared to CcpA-wt 
(Table 5, supplementary file, sheet4&5). 19 of these genes belonged to the 
CcpA regulon from SubtiWiki. Mainly genes from COG categories: [C] Energy 
production and conversion, [G] Carbohydrate transport and metabolism, and 
[J] Translation, ribosomal structure and biogenesis showed a weaker 
regulation by CcpA-M17R (Figure 3). The uniquely affected genes for CcpA-
M17R in LB with and without glucose are shown in Table 4. 

  



Probing the regulatory effect of specific mutations in CcpA 

85 
 

The gene regulation of CcpA-T62H compared to wildtype CcpA 

The CcpA-T62 is important for signal transduction from the HPr-Ser46-
P interaction interface to the DNA binding domain [176]. CcpA-T62H was 
found to be a stronger repressor. When the CcpA-T62H mutant strain was 
grown in LB + 1% glucose then only 9 genes were upregulated, but 50 genes 
were repressed (Table 5, supplementary file, sheet1&2). Only 5 of these 59 
genes were also found in the ΔCcpA strain, the other 54 genes did not have an 
altered regulation in the ΔCcpA strain (Figure 2A). The uniquely affected genes 
for CcpA-T62H are shown in Table 4. Genes from COG categories [C] Energy 
production and conversion, [G] Carbohydrate transport and metabolism, [J] 
Translation, ribosomal structure and biogenesis, and [P] Inorganic ion 
transport and metabolism showed a stronger regulation by CcpA-T62H (Figure 
3). Only 3 of the 59 genes belonged to the CcpA regulon from SubtiWiki. When 
the CcpA-T62H strain was grown in LB without glucose then the regulatory 
effect of CcpA-T62H was even stronger than in LB + 1% glucose (Table 5, 
supplementary file, sheet4&5). In LB without glucose there were 12 genes up- 
and 115 genes down regulated (Figure 2B, Table 5, supplementary file, 
sheet4&5) and 55 of them belonged to the CcpA regulon from SubtiWiki. 
Genes from COG categories [C] Energy production and conversion, [G] 
Carbohydrate transport and metabolism, [K] Transcription, [M] Cell 
wall/membrane/envelope biogenesis, [R] General function prediction only, 
and [T] Signal transduction mechanisms showed a stronger regulation by 
CcpA-T62H (Figure 3). 
 

 
Figure 2. Venn diagram showing the genes that were differentially regulated in each 
one of the CcpA mutant strains. Numbers represent the genes that were differentially 
regulated in each CcpA mutant strain. Only genes with a fold change larger than 1.7 or 
smaller than -1.7 were used in the analysis. (A) Overview of the differentially regulated 
genes when the strains with the CcpA mutant were grown on LB + 1% glucose (see also 
supplementary file, sheet2). (B) Overview of the differentially regulated genes when 
the strains with the CcpA mutant were grown on LB (see also supplementary file, 
sheet5). Venn diagrams were made via http://bioinfogp.cnb.csic.es/tools/venny/. 
More detailed information on up- or downregulated genes is shown in Table 4. 

http://bioinfogp.cnb.csic.es/tools/venny/
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The gene regulation of CcpA-R304W compared to wildtype CcpA 

The arginine on position 304 is important to contact the Ser46-P of 
HPr. We hypothesized that the CcpA-R304W had a reduced affinity for the 
glucose sensor protein HPr-Ser46-P but there is still a large number of affected 
genes (165 up and 69 down) when the strain was grown in LB + 1% glucose. 
When the CcpA-R304W strain was grown in the absence of glucose the 
number of affected genes was almost as high; there were 206 genes affected 
(155 up and 51 down) of which 151 genes were unique for CcpA-R304W 
(Figure 2A,B, Table 5 and supplementary file, sheet4&5). 59 of the affected 
genes in LB only belonged to the CcpA regulon from SubtiWiki. The overlap of 
CcpA-R304W with ΔCcpA is much larger in the presence of glucose (109 
genes), than in the absence of glucose (32 genes, compare Figure 2A and B) 
showing that the HPr dependent gene regulation of CcpA is disturbed, but not 
the HPr independent gene regulation of CcpA. Therefore, we can conclude 
that the role of HPr-Ser46-P is less pronounced for this mutant. 

Figure 3. All differently regulated genes were categorized in Clusters of Orthologous 
Groups (COGs); [C] Energy production and conversion; [D] Cell cycle control, cell 
division, chromosome partitioning; [E] Amino acid transport and metabolism; [F] 
Nucleotide transport and metabolism; [G] Carbohydrate transport and metabolism; [H] 
Coenzyme transport and metabolism; [I] Lipid transport and metabolism; [J] 
Translation, ribosomal structure and biogenesis; [K] Transcription; [L] Replication, 
recombination and repair; [M] Cell wall/membrane/envelope biogenesis; [O] 
Posttranslational modification, protein turnover, chaperones; [P] Inorganic ion 
transport and metabolism; [Q] Secondary metabolites biosynthesis, transport and 
catabolism; [R] General function prediction only; [S] Function unknown; [T] Signal 
transduction mechanisms; [U] Intracellular trafficking, secretion, and vesicular 
transport; [V] Defense mechanisms; [X] No prediction. Categorization of genes was 
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done on the MolGen server (http://server.molgenrug.nl/index.php/functional-analysis) 
(see also supplementary file, sheet 9&10). 

 
Table 4. Genes shown here were uniquely up- or downregulated in only one of the 
CcpA mutants in comparison to CcpA-wt; either in LB + 1% glucose (left side) or in LB 
without glucose (right side). Up means: these genes are more abundant (i.e. less 
repressed) in the CcpA-mutant than in CcpA-wt. Down means: these genes are less 
abundant (i.e. more repressed) in the CcpA-mutant than in CcpA-wt. The numbers 
refer to Figure 2A and B and represent the number of uniquely up- or downregulated 
genes per CcpA-mutant. 

LB + 1% glucose LB without glucose 

CcpA-
M17R 

 
CcpA-
T62H 

 
CcpA-
R304W 

 
CcpA-
M17R 

 
CcpA-
T62H 

 
CcpA-
R304W   

47 35 91 33 65 151 

43 4 8 27 42 49 22 11 9 56 112  39 
Up: Down: Up: Down: Up: Down: Up: Down: Up: Down: Up:  Down: 

citT glpD manA bdbB acuA abrB fliM cspB gltC acoA abfA ydzA alsS 

ctc pyrE manP csfB ald ahpF glyQ dacA hag bdbA acsA yesL cgeA 

cydA yckB manR dppC amyE aroE hemC feuA ilvH bdbB amyE yesM cotV 

cydB yqjE pyrC fhuD ansB cspB icd flgE purQ csbA araB yesN coxA 

cydC 
 

yjdF gudB bdbA cspC lytB glpP ydcS csbC araD yfiD cwlD 

gtaB 
 

yjdG hbs bofC ctsR mdh pstC yhfC csbD citM yfiE leuB 

gutR 
 

ynaF lrpB dctP efp oppD yaaN ykoL dra csbX yfiH leuS 

icd 
 

yydJ nagP dhaS fabF pdhC yddT yomL etfA cstA yfmN nin 

ldh 
  

spo0M drm frr pgi ydfF ywnJ etfB ctaD ygaO opuE 

mcsA 
  

sunA etfB ftsH pgk ydjM 
 

galT dctB yhaS pta 

mcsB 
  

ugtP hemC gltP pgm yybN 
 

glpF dctR yhaX sigE 

mrgA 
  

ycnI katE leuD rplE 
  

gntP fabHB yhfW spoIIIAC 

mrpB 
  

ycnK kdgK maeN rplF 
  

gspA fbaB yisK spoVAA 

oppA 
  

yeeG kdgT mntH rpsK 
  

kipR glpT yjdB ssb 

phrK 
  

yezE mmsA rplQ rpsS 
  

melA hutH ykuN ybcD 

smf 
  

yfhC narG rpmB tpiA 
  

mleA hxlA ykzA ybcH 

spo0E 
  

yfmQ nupC rpmF yaaD 
  

mleN iolC ykzE ybcM 

treP 
  

yhdN punA rpmGB ykrS 
  

nagP iolH yocF yckE 

xpaC 
  

yisQ qcrA rpsO ykrT 
  

ndk iolI yocG ycxC 

ydaD 
  

yjbD qoxB rpsT ylbQ 
  

nhaX kbl yomT ydfR 

ydaS 
  

yjeA recO smpB yvfV 
  

nupC kdgA yomZ ydjE 

ydaT 
  

yjmF resA sspE yvzB 
  

odhA kdgK yonE yesS 

ydbD   ylqC resB yabR    odhB kdgT yonH yezD 

http://server.molgenrug.nl/index.php/functional-analysis


Chapter 5 

88 
 

Table 4. continued 

LB + 1% glucose LB without glucose 

CcpA-
M17R  

CcpA-
T62H  

CcpA-
R304W  

CcpA-
M17R  

CcpA-
T62H  

CcpA-
R304W   

ydhK 
  

yodC resC ybaR 
   

pdp lacA yonK yfhC 

yebE 
  

yoeB resD yccG 
   

rpsC lcfA yopY yhcA 

yfhD 
  

yozB resE yceJ 
   

rsbV malL yoqF yhcB 

yfkJ 
  

yxkO rocC yczH 
   

rsbW mtlR yoqS yhcC 

yhzC 
   

rplF ydaH 
   

rsbX pel yosB yhjB 

yjcG 
   

sunT ydgB 
   

sdhA phrC yosD yitJ 

ykrS 
   

ydhP ydgF 
   

sdhB qcrB yosJ yjbD 

yoqZ 
   

yfiD ydhB 
   

sunT qcrC ypiF yjeA 

yoxC 
   

yhfD yebC 
   

treR rocB ypzC yocN 

ytiA 
   

yolJ yfjT 
   

ybyB rocC yqaD yodC 

ytzE 
   

yoqX yhbJ 
   

ydaG sacB yqcK yqaS 

yuaF 
   

ypwA yhcB 
   

ydhM senS yqkK yqbM 

yuaI    yraO yjhB    ydhT spoIIIAH yqzG yurO 

yuiD 
   

yrkA ykoA 
   

yfhD sspO yraO yurP 

yvaA 
   

ysiA ylaG 
   

yflT tyrZ yrhP yutK 

ywfC 
   

ytxE yodJ 
   

yhaP xepA ytcP yvgW 

ywmE 
   

yuxI yqeY 
   

yolJ xhlB yteQ 
 

ywzA 
   

ywiE yqjL 
   

yoxC xkdH ytlI 
 

yxiS 
   

ywmA yrvM 
   

yqhA xkdK yugM 
 

yxzF 
    

yuiF 
   

yqhB xkdN yugN 
 

     
yusG 

   
ysbA xkdO yukJ 

 

     
yutF 

   
ysbB xkdT yulD 

 

     
yuzG 

   
ytiA xkdV yuxI 

 

     
yvsH 

   
ytxJ xkdW yvcA 

 

     
yvzC 

   
yvdI xkdX yvdJ 

 

     
ywrK 

   
yvdR xsa yveN 

 

         
ywiE xtmB yvfL 

 

         
ywjB ycbO yvfM 

 

         
ywjC ycbR ywdC 

 

         
ywqI ycgB ywmA 

 

         
yxaI ycsA ywsA 

 

         
yxiE ydhN yxeI 

 

         
yxnA ydhS yxjC 
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Table 5. The number of genes with altered regulation for each mutant compared to 
CcpA-wt as found in this transcriptomics study. In total, 426 different genes had an 
altered regulation on LB + 1% glucose and 366 different genes had an altered 
regulation on LB without glucose (see also Figure 2). 

 LB + 1% glucose LB 

 Up Down Up  Down 

ΔCcpA 189 27 55 34 

CcpA-M17R 115 14 38 29 

CcpA-T62H 9 50 12 115 

CcpA-R304W 165 69 155 51 

 

Functional analysis of the affected genes 

For a more detailed look on the differences between the CcpA 
mutants all genes with a different regulation were functionally analyzed by 
categorizing those genes into Clusters of Orthologous Groups (COGs) (Figure 
3). When the cells were grown on LB + 1% glucose then genes for energy 
production and conversion [C] were upregulated in all mutants, except for 
CcpA-T62H. Expression of genes for carbohydrate transport and metabolism 
[G] in ΔCcpA and CcpA-R304W showed the most difference. CcpA-T62H and 
CcpA-R304W showed a down regulation of translation, ribosomal structure 
and biogenesis genes [J] (Figure 3, LB + 1% glucose). When the cells were 
grown on LB without glucose then the CcpA-T62H and CcpA-R304W strains 
had most differences in gene regulation for genes in energy production and 
conversion [C] and carbohydrate transport and metabolism [G] compared to 
CcpA-wt (Figure 3). 

Growth of the strains with the CcpA mutants on C-medium 

A ccpA knockout strain shows a growth defect in glucose minimal 
medium [59,63]. Here we tested how the CcpA mutant strains performed in 
glucose minimal medium. In the strains with the CcpA mutants, some genes 
coding for proteins responsible for amino acid catabolism were deregulated. 
One of them was the gene rocG coding for glutamate dehydrogenase. 
Normally, the rocG gene is repressed by CcpA, but in both growth conditions 
used in this study and in strains with all CcpA variants except CcpA-T62H, the 
repression of rocG was released. Higher levels of RocG decrease the level of 
glutamate, which impairs the growth of these strains on a glucose minimal 
medium [63]. The altered gene regulation of rocG caused a growth deficiency 
of the CcpA mutant strains on minimal medium, which was shown on C-
medium agar plates for the strains with the ΔCcpA, CcpA-M17R, and CcpA-
R304W mutations (Figure 4A). The CcpA-T62H strain still repressed the rocG 
expression and did not have a growth defect (Figure 4A,B). The growth 
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deficiency of the mutants was almost fully restored to the same extent as 
CcpA-wt when the C-medium agar plates were supplemented with glutamate, 
except for CcpA-M17R (Figure 4B) and fully restored when the C-medium agar 
plates were supplemented with glutamate and branched chain amino acids 
(BCAA), except for CcpA-M17R (Figure 4C). The growth defect of the CcpA-
M17R mutant strain was partially restored by the addition of glutamate 
(Figure 4B); however the addition of only glutamate was not enough. The 
remaining growth defect of the CcpA-M17R strain might be explained by the 
pyrE gene. PyrE is responsible for pyrimidine biosynthesis [202] and its gene 
expression was only down regulated in the CcpA-M17R strain. This strain did 
not show a growth defect in LB because LB is rich in nucleotides from the yeast 
extract. Therefore the C-medium was also supplemented with uridine 5’-
monophosphate in addition to glutamate and BCAA, but the growth defect of 
the CcpA-M17R mutant strain was not restored (Figure 4D). The residual 
growth deficiency remains elusive and is probably dependent on more 
additives. 

Examination of cre sites for analysis of CcpA-M17R 

The methionine on position 17 in CcpA is involved in DNA binding, 
therefore the sequence of the cre site could play a role in the gene regulation 
by CcpA-M17R. Unfortunately, not all genes affected by CcpA-M17R could be 
taken into account, because many genes have no cre site; they are subjected 
to indirect control by CcpA [70,124,132]. All known cre sites for genes that had 
an altered regulation in the CcpA-M17R mutant were compared. Genes were 
grouped into three classes for the analysis; only affected in the ΔCcpA strain, 
affected in both ΔCcpA and CcpA-M17R, and only affected in the CcpA-M17R 
strain. The cre sequences were analyzed for their palindromic nature, but the 
differences between the groups of cre sites were not clear enough to draw 
conclusions (see supplementary file, sheet8, Table 1 and 4). Furthermore, the 
similarity of each group of cre sites to the consensus cre site was compared 
but there was no significant difference between all three regulatory groups 
(see supplementary file, sheet8, Table 1 and 4). 

Weblogos for the groups of cre sites affected only in CcpA-M17R 
showed that these cre sites had a higher occurrence of G on position 4 and a 
less defined nucleotide on position 10 (supplementary file, sheet8, table1). 
The methionine on position 17 was shown to bind to thymine12 in the ackA 
cre site [176], and the less defined nucleotide on position 10 found here could 
mean that the arginine reached further into its surroundings than the 
methionine. 

The consensus cre site is W1T2G3N4N5A6R7C8G9N10W11W12W13C14A15W16  
and the G3, C8, G9, C14 are most conserved [176]. Seven of the thirteen genes 
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or operons with a known cre site that were affected by CcpA-M17R also had a 
T on position 12 in the cre site, the other six had a C (3x), a G (2x), or an A (1x) 
on position 12, but those six had a T on position 11 (5x) or position 13 (1x). 
This finding could mean that the arginine on position 17 in CcpA also 
contacted a thymine in the cre site and that the longer sidechain of arginine 
could reach further into the surrounding (supplementary file, sheet8, Table 1 
and 4). 

Sensitivity for extracellular glucose 

Earlier work shows that the transport of glucose decreases in a CcpA 
knockout strain [124]. We hypothesize that a decreased glucose uptake would 
result in a decreased growth rate. The growth rates of the different CcpA 
strains were examined on LB + 1% glucose and the ΔCcpA, CcpA-M17R, and 
CcpA-R304W strains grew a little bit slower than the CcpA-wt strain 
(supplementary file, sheet12), which could be due to a decreased glucose 
uptake. The growth of the CcpA-T62H strain was the same as the CcpA-wt 
strain, which could be explained by the strong repressive mode of CcpA-T62H. 

None of the pts genes, the glucose permease, or glucose symporter 
were differently expressed in LB + 1% glucose or in LB in any of the mutant 
strains, which means that the uptake of glucose was not regulated at the level 
of gene expression, as shown before [188]. 
 

 
Figure 4. Growth of the strains with the CcpA mutants (A) on C-medium, (B) on C-
medium supplemented with glutamate, (C) on C-medium supplemented with 
glutamate and branched chain amino acids, and (D) on C-medium supplemented with 
glutamate, branched chain amino acids and uridine 5’-monophosphate. All strains are 
B. subtilis ccpA::spec and strain 2-5 have ccpA on a plasmid. 1 is ΔccpA, 2 is ccpAwt, 3 is 
ccpA-M17R, 4 is ccpA-T62H, 5 is ccpA-R304W, 6 is empty. 

 

Discussion 

CcpA is a global regulator of carbon catabolite control in B. subtilis and 
needs HPr or Crh as a coeffector [63,144,196]. It has been previously 
estimated that there are 150 cre sites in B. subtilis, which are involved in the 
regulation of around 300 genes [63]. Moreno et al. reported in a genome-wide 
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transcriptome study that about 85 genes are activated by CcpA and 250 genes 
are repressed by CcpA in LB + glucose medium [144]. However, according to 
the CcpA regulon from SubtiWiki [128,202] there are only 11 genes activated 
by CcpA and 202 repressed. The genes mentioned in the SubtiWiki CcpA 
regulon are probably directly regulated by CcpA; the class 1 genes [124] and 
the other genes found by Moreno et al. are probably indirectly regulated; the 
class 2 genes [124]. Class 1 genes have a cre site and class 2 genes are affected 
when CcpA alters the glucose uptake (through altered phosphorylation of HPr) 
and thereby changes the concentration of intracellular inducers [15,124]. 
There are also class 0 genes, which are independent of CcpA [124]. In a 
transcriptome study Yoshida et al. have found 66 genes of which the 
repression was glucose dependent [232]. Here we found 244 genes which had 
a glucose dependent regulation in one of the CcpA mutant strains 
(supplementary file, sheet2). 

Marciniak et al. [132] have categorized all known (and predicted) B. 
subtilis cre sites from high to low affinity. To do so, they have replaced the 
native ccpA promoter by an inducible promoter, then the fold change in gene 
expression was examined for a low, medium and high level of ccpA expression. 
The correlation between the fold change in gene expression and the position 
of the cre site compared to the transcriptional start site (TSS) was mapped 
[132]. The information found was used in this transcriptomics study to sort the 
affected genes on the basis of cre to TSS distance, and check whether it 
correlated to the fold change in gene expression but there was no clear 
correlation between fold change and cre to TSS distance. The fold change was 
very similar over a range of cre to TSS distances (supplementary file, sheet7). 

The genes that are controlled by CcpA are in most cases also 
controlled by a second regulator, which is substrate specific (personal 
communication with Jörg Stülke). Thus, it is impossible to find the whole CcpA 
regulon in the ΔCcpA experiment. The other genes found in this study that do 
not belong to SubtiWiki’s CcpA regulon could be unidentified members of the 
CcpA regulon, or a member of the class 2 genes [124]. On the other hand, the 
CcpA regulon from SubtiWiki contains 213 genes, but 152 of them were not 
altered in the ΔCcpA strain. One explanation for the missing genes from the 
CcpA regulon from SubtiWiki could be that the list of genes in the CcpA 
regulon from SubtiWiki is composed from various experiments with various 
growth conditions, e.g. also from late exponential, or stationary growth phase 
or in minimal media containing glucose.  

18 genes from the CcpA regulon from SubtiWiki were affected both in 
the presence and absence of glucose; the rbsRKDACB operon for ribose was 
strongly deregulated in LB + 1% glucose and the licHA, bglHP, and gntK are 



Probing the regulatory effect of specific mutations in CcpA 

93 
 

slightly deregulated in the presence of glucose and the other seven genes 
were the same in both conditions (supplementary file, sheet11). 

The changes in gene regulation in absence of glucose in the ΔCcpA 
strain also showed that CcpA was involved in glucose independent gene 
regulation, as has been shown before [144]. Moreno et al. show that those 
genes are not involved in carbon metabolism [144], but that was not the case 
in this study. 46 of these 89 genes could be grouped into only four COG-
categories: Energy production and conversion [C], Amino acid transport and 
metabolism [E], Carbohydrate transport and metabolism [G], and 
Transcription [K] (Figure 3 and supplementary file, sheet10).  

The neutral methionine on position 17 in CcpA was changed to a 
positively charged arginine. The M17R mutation was expected to alter the 
DNA-binding affinity of CcpA; the positively charged arginine could cause 
stronger binding to the negatively charged DNA. CcpA-M17R is probably a 
weaker repressor, because the number of differentially regulated genes was 
lower than in the ΔCcpA strain. All upregulated genes are most likely the result 
of a weaker repression by CcpA-M17R because CcpA is mainly involved in gene 
repression. However, it was hard to explain the altered gene regulation by 
effects on DNA binding, as shown by cre site comparison; there were no clear 
differences in the cre sites from genes that were only affected in the ΔCcpA 
strain or in the CcpA-M17R strain (supplementary file, sheet8, table 1 and 4). 
The palindromicity of the cre sites in the group of genes that was affected by 
CcpA-M17R was lower than in the group of genes that was only affected by 
ΔCcpA; this could indicate that the palindromicity of the cre site is less 
important for CcpA-M17R. 

The CcpA protein consists of a N-terminal DNA binding domain and a 
core domain for coeffector and HPr binding, linked together with a hinge helix 
region. The threonine on position 62 is located in the core protein, just above 
the hinge-helix, and is important for the conformational change in the CcpA 
protein upon HPr binding [176]. This conformational change is believed to 
improve DNA binding. The threonine to histidine mutation on position 62 has 
been found during a random mutagenesis study of CcpA-T62, where CcpA-
T62H was found to repress xynP strongly in the absence of glucose (Thesis G. 
Seidel, Erlangen, Germany, 2005).  

We found a large number of down regulated genes in the CcpA-T62H 
strain, especially in the absence of glucose. Therefore, we suggest that the 
CcpA-T62H variant was a stronger repressor than CcpA-wt. The downregulated 
genes might not be regulated by wildtype CcpA under the chosen conditions. 
The high number of affected genes in LB without glucose could indicate that 
the role of HPr-Ser46-P for complex formation was less important for this 
mutant, since catabolite repression was observed in the absence of glucose. 
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There were only a few genes upregulated in case of CcpA-T62H compared to 
CcpA-wt and the other mutants. We can conclude that the T62H substitution 
forces CcpA into a conformational change that happens normally in CcpA upon 
HPr-Ser46-P binding; this change is probably beneficial for DNA binding. The 
binding of a CcpA mutant protein to cre sites without the prior binding of CcpA 
to the corepressor HPr-Ser46-P was observed before for five CcpA mutants in 
B. megaterium [110]. 

The most important residue for the interaction of CcpA with HPr-
Ser46-P is the arginine at position 304 in CcpA [176,198]. HPr will be 
phosphorylated on serine 46 by HPrK/P when glucose is used as a carbon 
source [64,70] and subsequently HPr-Ser46-P will form a complex with CcpA. 
The formation of this complex stimulates the CcpA-HPr-Ser46-P heterodimer 
formation needed to bind to DNA [46,64,176]. The positively charged arginine 
at position 304 was mutated to the neutral, but bulkier tryptophan which 
probably made binding of this CcpA mutant to the negatively charged HPr-
Ser46-P more difficult. 

The large number of genes affected by CcpA-R304W in the presence of 
glucose suggest HPr independent gene regulation. There were 234 genes 
affected by CcpA-R304W in the presence of glucose, 205 genes were affected 
in the absence of glucose, and 69 genes were affected in both conditions. The 
rbsRKDACB operon for ribose was strongly deregulated in the ΔCcpA strain, 
but much less deregulated in CcpA-R304W (supplementary file, sheet11) 
indicating that the repressor function of CcpA-R304W decreased which is 
probably due to the decreased binding of HPr-Ser46-P. The large number of 
genes affected by CcpA-R304W in the absence of glucose also suggest HPr 
independent gene regulation, because HPr is not phosphorylated in the 
absence of glucose so the CcpA-HPr complex formation is reduced but CcpA-
R304W is still affecting the regulation of many genes (Table 5, supplementary 
file, sheet4&5). 

Another explanation could be that the signal transduction in the 
protein has changed due to the mutation. Maybe the R304W mutation fixes 
CcpA into the HPr-Ser46-P bound conformation. Or possibly binding of the 
coeffectors fructose-1,6-bisphosphate (FBP) and glucose-6-phosphate (G6P) is 
more difficult. Earlier work shows that the affinity of HPr-Ser46-P to CcpA 
increased more than twofold by the presence of 40 mM FBP or G6P [180], but 
if coeffector binding is reduced then the affinity of CcpA-R304W to HPr-Ser46-
P is also reduced. It will be interesting to measure the binding affinity of CcpA-
R304W to HPr-Ser46-P with SPR in a future study. 

It is known that a ptsH-S46A strain lost part of its repressing power 
[47,136] and here we showed that CcpA-R304W also lost part of its ability to 
repress gene expression. These results show that CcpA and HPr depend on 
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each other and either one of the mutations makes complex formation more 
difficult. 

The regulation of genes in some COGs really differed from CcpA-wt, 
i.e. they were not regulated by the CcpA-wt but only by the CcpA-mutant. 
Genes in COGs for Energy production [C], carbohydrate metabolism [G], 
translation [J], posttranslational modification [O], and inorganic ion transport 
[P] are more strongly repressed in the CcpA-T62H and CcpA-R304W mutants 
than in the CcpA-wt strain in LB + 1% glucose (Figure 3) which shows the 
differential regulatory character of the CcpA mutants. 

In general, we should take into account that the CcpA mutants studied 
here could have effects on gene regulation which cannot be seen in LB 
medium with a CcpA mutant because there might be unknown triggers for 
CcpA which are absent in LB +/- glucose. Furthermore, LB medium without 
added glucose still contains low amounts of glucose and other repressing 
sugars which might still control the most sensitive target genes. The mutations 
might uncouple regulation from these triggers. Future experiments in 
chemically defined medium or in a HPr knockout in the CcpA mutant strains 
could be done to reveal triggers involved in CcpA dependent gene regulation 
which were not present when the strains were grown in LB. 

In conclusion, the point mutations in CcpA in this study were made to 
get more insight into the gene regulation mechanisms of CcpA. The main 
finding here was that the M17R mutation resulted in a small relief of CCR. 
CcpA-T62H was a stronger repressor than CcpA-wt and can do CCR also in the 
absence of glucose. CcpA-R304W had a strong regulatory affect in presence 
and absence of glucose and we suggest that CcpA-R304W is less dependent on 
HPr-Ser46-P, FBP, and G6P. However, SPR measurements should show the 
binding affinity of the CcpA mutants to the cre sites in presence or absence of 
HPr-Ser46-P. 
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Abstract 

The soil is the natural habitat of many microorganisms where they 
face different levels of osmotic pressure. Cells can cope with osmotic upshift 
via the uptake of osmoprotectants such as glycine betaine from their 
environment or by synthesizing osmoprotectants such as proline. In our 
experiments the synthesis of proline was the only opportunity for the cells to 
cope with osmotic upshift due to the absence of osmoprotectants in the 
medium. We investigated whether cells in an isogenic culture respond homo- 
or heterogeneously to an osmotic upshift. A promoter proHJ-gfp fusion was 
used to study the expression of the osmotically induced proline biosynthesis 
pathway (proHJ) at the single cell level. 

Here, we show that B. subtilis responds heterogeneously to an osmotic 
upshift. We show a switching point in the response at 0.6M NaCl. At this stress 
level, some cells have a high proHJ expression and can possibly produce 
enough of the osmoprotectant proline to cope with the osmotic stress, and 
these cells can continue cell elongation and division. Other cells that lacked a 
high proHJ expression, did not produce enough proline and could not continue 
cell elongation and division. At 0.5M NaCl the proHJ expression is low, but all 
cells can elongate and divide. At 0.7M NaCl, the proHJ expression was high, 
but cells did not manage to restore elongation and division. Furthermore, we 
showed that some cells possibly enter a dormant state after being exposed to 
an osmotic upshift. Those dormant cells did not grow nor lyse in the 
experiments and were found to be insensitive to the bactericidal antibiotic 
kanamycin. This work provides more insight into the response of B. subtilis at 
the single cell level to osmotic upshift. 

Introduction 

Microorganisms face different levels of osmotic pressure in their 
natural habitat, e.g. the soil [229], because the soil is subjected to periods of 
rain or drought. Therefore, microbes acquired various mechanisms to cope 
with the effect of osmotic pressure to retain viability and cell division [228]. 
Both Gram positive and Gram negative bacteria use various compatible 
solutes to counteract the effects of osmotic upshifts (for reviews see 
[80,189,228,229]). Moreover, turgor pressure is essential for cell elongation 
and division [102,225,226]. The turgor pressure decreases upon osmotic 
upshift due to the water outflow, which impairs cell elongation and thereby 
cell division [168,225]. 

The Gram positive soil bacterium, Bacillus subtilis applies a step-wise 
strategy to cope with osmotic stress. The first and rapid step in the cellular 
response to counteract the outflow of water and restore the turgor pressure is 
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the uptake of potassium ions by KtrAB and KtrCD [84]. Subsequently, 
potassium ions are replaced by compatible solutes such as proline or glycine 
betaine [22,23,229]. Compatible solutes can be taken up into the cytoplasm at 
high concentrations and are a sustainable solution for the cell, whereas 
potassium ions are not a long term solution because they interfere with 
cellular functions [229]. 

Glycine betaine is one example of a compatible solute in B. subtilis, 
which is sequestered from the environment via the Opu membrane 
transporters [21,229], which have a high affinity for compatible solutes. An 
overview of all known compatible solutes in B. subtilis has been published 
previously [229]. Glycine betaine can also be synthesized from the precursor 
choline [16]. However, when there are no compatible solutes (or precursors) 
present in the surroundings, B. subtilis can counteract the osmotic upshift in 
another way; it can replace the potassium ions with proline, which is a self-
synthesized compatible solute of B. subtilis [22]. 

The osmotic stress-induced proline synthesis pathway has been 
studied in detail [12,22] and revealed proline synthesis from glutamate in 
three steps (Figure 1A). ProJ phosphorylates glutamate to produce γ-glutamyl 
phosphate in an ATP-dependent manner, ProA converts this compound to 
glutamate-5-semialdehyde, which will spontaneously cyclize into Δ-pyrroline-
5-carboxylate, and ProH subsequently converts it to proline. B. subtilis cells 
always have a large pool of intracellular glutamate [225] that facilitates proline 
production in sufficient amounts. 

The general stress response protein SigB is the regulator for salt-stress 
related gene regulation [79,85], but a SigA specific promoter region has also 
been reported for the proHJ operon [22]. 

Most studies on salt stress have been performed on the whole cell 
culture level. In this study we will analyze the response of single cells upon salt 
stress. Furthermore, we will analyze if osmotic upshift induces the presence of 
persister cells in a culture. Persistent cells are metabolically inactive and 
insensitive to antibiotics [129]. It is already known that environmental stress 
induces the occurrence of persister cells [105,129] and here we study it 
specifically for osmotic upshift. 

In the last decade, phenotypic variation in an isogenic culture, also 
called heterogeneity, has been investigated in great detail 
[1,54,90,156,191,218]. This phenotypic variation mostly originates from noise 
in gene expression [1,54,156] and is believed to be beneficial for the fitness of 
the population. 

In this study we investigated the response of an isogenic B. subtilis 
culture to osmotic upshift on the single cell level. For this purpose, the gene 
expression of the proHJ operon involved in the proline biosynthesis pathway 
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was studied at the single cell level over time. Therefore the proHJ promoter 
was fused to the gene coding for GFP. 

To examine how B. subtilis copes with osmotic upshift solely through 
proline synthesis, a growth medium lacking any osmoprotectants was used. 
We hypothesize that B. subtilis needs to overcome a threshold level of proHJ 
expression in order to synthesize enough proline that can restore cell 
elongation and division during an osmotic upshift. We examined whether all 
cells in a B. subtilis culture respond in the same way to an osmotic upshift or if 
only part of the population adapts to the higher salinity. Also, the minimum 
level of proH expression is examined that is required for the cells to proceed 
with cell division. The data presented here suggest that only cells with high 
expression of proH can continue growth and cell division upon a certain 
osmotic upshift. The data presented here also suggest that part of the B. 
subtilis culture enters the persister state upon osmotic upshift. 

Materials and methods 

Bacterial strains, plasmids and oligonucleotides 

B. subtilis 168 trpC2 was used here (Table 1). Escherichia coli MC1061 
was used as a host for cloning. Plasmids are listed in Table 2 and 
oligonucleotides are listed in Table 3. 

Recombinant DNA techniques 

PCR and DNA purification and restriction were done as described 
before [171]. Phusion DNA polymerase, FastDigest restriction enzymes, and T4 
DNA ligase were obtained from Fermentas (St. Leon-Rot, Germany). 
Sequencing to verify the construct was done at MacroGen (Amsterdam, The 
Netherlands). 

Strain construction 

A promoter proHJ-gfp fusion was made to follow the expression of the 
proH gene at the single cell level. A 934 bp region with the proH promoter and 
the first 29 codons of proH was amplified from the B. subtilis genome by PCR 
with primers proH_FW_SalI and proH_REV_EcoRI (Table 3), restricted with SalI 
and EcoRI and ligated into SalI and EcoRI restricted pSG1151. The resulting 
pSG1151-PproHJ plasmid contains a promoter proH-gfpmut1 fusion with a 934 
bp fragment from the B. subtilis genome. 

Natural competent B. subtilis [77] was transformed with pSG1151-
PproHJ-gfp, which integrated in the B. subtilis genome in the proH promoter 
region via Campbell type integration (single crossover). 
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Flow cytometry 

B. subtilis 168 PproHJ-gfp was streaked on Lysogeny Broth (LB) agar 
plates supplemented with 5 µg/ml chloramphenicol (Sigma-Aldrich) from          
-80°C glycerol stock and incubated overnight at 37°C. Next morning, 3 ml of LB 
supplemented with chloramphenicol was inoculated with a single colony and 
grown for eight hours at 37°C and 200 rpm. Now the culture was diluted 
1:1000 in 3 ml Spizizen’s Minimal Medium (SMM) with 0.5% glucose and trace 
elements [77], from here on referred to as CDM and grown overnight at 37°C 
and 200 rpm. The overnight culture was diluted to an OD600 of 0.08 in 6ml 
fresh CDM and grown for 5 hours at 37°C and 200 rpm. Now the cells were at 
an OD600 of 0.3 and the cells were osmotically stressed by the addition of 840 
µl 4.27M NaCl (in SMM); final concentration 0.6M NaCl. The cells were further 
incubated at 37°C and 200 rpm and samples for flow cytometry were taken at 
indicated time points. Therefore, cells were diluted to an OD600 of 0.03 in 
filtered 50 mM potassium phosphate buffer (pH 7.0). Flow cytometry was 
done with the Becton Dickinson FACSCanto (BD, Breda, The Netherlands) with 
a flow rate of 10,000 events per second and the following photomultiplier 
tube settings: FSC: , SSC: , and FL-1 . Data analysis was done with the FACSDiva 
software from BD. Histograms were made with the Data Analysis Tools from 
Microsoft Excel. 

Time-lapse fluorescence microscopy 

The B. subtilis 168 PproHJ-gfp was cultivated as described in the flow 
cytometry section above. The overnight culture was diluted to an OD600 of 0.08 
in 6 ml fresh CDM or in 6 ml fresh CDM with 0.2 M NaCl and grown again at 
37°C and 200 rpm. After five hours of growth, the cells were diluted in 500 µl 
fresh CDM according to this correction for the optical density 
(0.35/OD600)*250 = x µl in 500 µl CDM. From there 1.5 µl of culture was 
transferred to a 1.5% low melting agarose (Sigma) slide with CDM + a final 
concentration of 0.6 M NaCl (unless stated otherwise) for time-lapse 
fluorescence microscopy. 

Time-lapse fluorescence microscopy was done as described before 
[40]  with a Personal DeltaVision microscope system (Applied Precision), with 
Softworx 3.6.0 software. The microscope setup consisted of an Olympus IX71 
inverted microscope body, a 60x phase contrast objective (Olympus PlanApo 
1.42 NA), a CoolSNAP HQ2 camera (Princeton Instruments), and a solid state 
TruLight Illumination (Applied Precision). For each pre-cultured strain on the 
slide two points were followed with the software controlled stage.  A phase 
contrast picture and a GFP fluorescence picture were made at intervals of 
twelve minutes to follow cell growth and dynamics of the proH promoter 
activity. 
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GFP fluorescence intensities of single cells were analyzed over time 
with ImageJ (http://rsb.info.nih.gov/ij/index.html) by manually drawing lines 
in single cells. After subtraction  of background fluorescence the GFP 
intensities of single cells were plotted in graphs. 

Differences in fluorescence intensities of growing and not growing 
cells in a time-lapse movie were further analyzed with a one-tailed Student’s t-
Test. 
 
Table 1. B. subtilis strains used in this study. 
Strain Genotype Source or reference 

E. coli   

MC1061 F
–
 araD139 Δ(ara-leu)7696 galE15 galK16 

Δ(lac)X74 hsdR2 (rK
–
mK

+
) mcrA mcrB1 rpsL 

(Str
r
) 

Laboratory stock 

B. subtilis   

168 trpC2 Bacillus Genetic Stock 
Center 

DOW61 PproHJ-gfpmut1 cat This work 

 
Table 2. The plasmids used in this study. 

Plasmid Genotype Source or reference 

pSG1151 bla cat gfpmut1 [120] 

pSG1151-PproHJ-gfp Bla cat PproHJ-gfpmut1 This work 

 
Table 3. The oligonucleotides used in this study. Restriction sites are shown in italics. 

Oligonucleotide Sequence (5’ -> 3’) 

proH_FW SalI CGATGGTCGACAAACAGCGGGATTATGGTCAAC 

proH_EcoRI_REV TCGGCGAATTCTTCCGCCATAGATCCTGCTC 

 

Results 

The time needed for B. subtilis to adapt to osmotic upshift 

Proline can serve as a compatible solute, when there are no 
compatible solutes available in the medium, and the B. subtilis proHJ proline 
biosynthesis genes are osmotically induced [22,75]. 

To follow the expression of the proHJ genes upon osmotic upshift, the 
proHJ promoter with its own RBS and the first twenty-nine codons of proH 
were transcriptionally fused to the gene coding for GFP (Figure 1A). Flow 
cytometry was used to determine the time interval B. subtilis needed to adapt 
to an osmotic upshift. Exponentially growing B. subtilis cells were exposed to 
an osmotic upshift of 0.6M NaCl, and the expression of the promoter proHJ-
gfp fusion was followed over time. The salt stress resulted in an initial 
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decrease in fluorescence. After 60 to 90 minutes B. subtilis showed higher GFP 
expression driven by the proHJ promoter (Figure 2A). The increased level of 
PproHJ expression means that B. subtilis responds to osmotic upshift of 0.6M 
NaCl, which is in agreement with earlier work [22]. The error bars in the graph 
(Figure 2A) showed the standard deviation from the mean fluorescence. The 
difference between the stressed (black bars) and unstressed (white bars) 
cultures was much smaller than expected. The last four time points were 
shown in more detail in Figure 2B, where the fluorescence signal of unstressed 
cells was subtracted from the fluorescence signal of cells exposed to osmotic 
upshift. The low number of cells in Figure 2B could indicate that only a small 
fraction of the culture had adapted to the osmotic upshift, when one keeps in 
mind that the bars in Figure 2A represented 50,000 cells. In chronological 
order the subsequent peaks in Figure 2B represented 102, 234, 889, 1122 
cells. The small number of responding cells was explained by the small 
difference between the stressed and unstressed cultures (Figure 2A). Weak 
expression from PproHJ could also explain the small difference observed 
between stressed and non-stressed cells. 
 

 

 
Figure 1. (A) Schematical overview of the proHJ genes of B. subtilis involved in 
osmotically induced proline biosynthesis proceeded by the proH promoter-gfp fusion 
in the same genomic locus. The enzymatic reaction by proJ, proA, and proH that results 
in proline synthesis from glutamate is highlighted. The dotted rectangular line 
represents the shrinking cell upon the water outflow due to the osmotic upshift. Figure 
adapted from [22]. (B) Proposed heterogenetic response of B. subtilis upon osmotic 
upshift; cells with osmotically induced proH become green, synthesize the compatible 
solute proline and restore cell elongation as shown in the third and fifth step. 
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Only cells with high level of proHJ after osmotic upshift can divide 

The flow cytometry data in Figure 2 gave a first indication that the 
cells in an isogenic culture respond heterogeneously to osmotic upshift. 

It is already known from earlier work that the intracellular 
concentration of proline increases upon increasing osmotic upshifts [22] and 
interestingly, a large variation in the intracellular proline concentration has 
been found in that study when the cells have been stressed with 0.6M NaCl. 

More insight into the expression of proHJ at the single cell level upon 
osmotic upshift was acquired using time-lapse fluorescence microscopy. For 
that purpose, B. subtilis with PproHJ-gfp was grown to exponential phase in 
liquid CDM medium and subsequently cells were transferred to an agarose 
slide with the same CDM medium including 0.6M NaCl, resulting in exposure 
to an osmotic upshift. The fluorescence intensities of five cells from a time-
lapse movie were measured over time to examine the behavior of the isogenic 
culture at the single cell level (Figure 3B). Cell divisions during the time-lapse 
were indicated on the fluorescence intensity lines. Only the cells with higher 
fluorescence intensity, i.e. with higher expression levels of proHJ, can divide 
whereas cells with low fluorescence intensities and thus low levels of proHJ 
cannot divide (Figure 3B,C). Differences in fluorescence intensities between 
cell lineages in Figure 3BC and Figure 4AB were significant (Students t-Test, 
p<0.001). This finding supported our hypothesis that cells need to overcome a 
threshold level of proHJ expression to grow during osmotic upshift; more 
proHJ expression leads to more ProH and ProJ proteins and thus to the 
synthesis of more proline. 

 
Figure 2. (A) The response of the strain with PproHJ-gfp to an osmotic upshift of 0.6M 
NaCl (black bars) and the activity of the same strain in absence of an osmotic upshift 
(white bars) was measured via flow cytometry, each bar represents the mean 
fluorescence signal from 50,000 cells. (B) The graph shows the fluorescence intensity of 
the culture at indicated selected time points where the fluorescence signal from non-
stressed cells was subtracted from the fluorescence signal of cells exposed to osmotic 
upshift. The black-filled column is time point zero, the white-filled column is at 58 min, 
grey-filled column is at 93 min and the dashed-filled column is at 182 min. 

0

50

100

150

200

0 7 16 26 58 120Fl
u

o
re

sc
e

n
ce

 (
A

U
) 

time (min) 

0

200

1 7 13 19 25 31 37 43 49n
u

m
b

e
r 

o
f 

ce
lls

 

Fluorescence (AU) 

0

58

93

182



An osmotic upshift to 0.6M NaCl causes population heterogeneity 

105 
 

 

 

Figure 3. The fluorescence intensity of single B. subtilis proH-gfp cells in response to 
osmotic upshift followed over time. (A) Screenshots from the time-lapse movie taken 
at indicated time points. (B) Fluorescence intensities of five B. subtilis PproHJ-gfp cells 
were measured over time after preculturing in CDM media and transferring to a time-
lapse microscope slide consisting of 1.5% agarose in CDM + 0.6M NaCl to start the 
osmotic upshift. (C) Fluorescence intensities of five B. subtilis PproHJ-gfp cells were 
measured over time after preculturing in CDM + 0.2M NaCl. Each line represented one 
cell over time, dots on the lines represented cell divisions. 
 

Figure 4. The fluorescence intensity of single B. subtilis PproHJ-gfp cells in response to 
different osmotic upshifts. (A) Single B. subtilis PproHJ-gfp cells in response to osmotic 
upshift of 0.5M NaCl and (B) single B. subtilis PproHJ-gfp cells in response to osmotic 
upshift of 0.7M NaCl. 
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When the osmotic upshift experiments in Figure 3 were repeated with 
a salt concentration of 0.5M NaCl a rather different behavior of the cells was 
observed (Figure 4A). The fluorescence intensity in the PproHJ-gfp cells 
remained lower at this lower NaCl concentration and no correlation between 
cell division and high or low fluorescence intensity level was observed. 

Interestingly, osmotic upshift experiments using 0.7M NaCl showed a 
contradictory behavior. While the fluorescence intensity was much higher, no 
cell division was occurring; the cells were unable to cope with the too severe 
stress conditions. This could probably be explained by the high rate of water 
outflow out of the cells, the subsequent uptake of potassium ions, after which 
the cells were trying to replace the potassium ions by proline, so the 
expression level of proHJ was high, but cells did not manage to restore cell 
elongation and division. Earlier work has shown that B. subtilis has a longer lag 
phase when it is exposed to higher salt concentrations (about 10 hours in 
1.2M NaCl) [17,22], but that was in liquid cultures. Here, on an agarose time-
lapse slide with CDM plus 0.7M NaCl cell division did not occur even hours 
after exposure to the NaCl (Figure 4B). 

We showed here that the cellular response of B. subtilis is at a 
switching point during an osmotic upshift of 0.6M NaCl; some cells adapted 
and some cells did not adapt to the osmotic upshift. Both data from this study 
(Figure 3 and Figure 4) and the large deviation in the intracellular proline 
concentration found at 0.6M NaCl in earlier work [22] show the 
heterogeneous response. Only in CDM with 0.6M NaCl the cells respond 
heterogeneously, whereas in CDM with 0.5M or 0.7M NaCl the cells respond 
homogeneously. 

Osmotic upshift induces the presence of persister cells 

We noticed that many cells in the time-lapse fluorescence microscopy 
movies did not grow nor lyse so these cells might be in a dormant state. The 
dormant state is a metabolically inactive state where cells are insensitive to 
antibiotics and this state is also called persistence [62,129,162], not to be 
confused with spores which are also called dormant. In a bacterial culture 
there is always a small fraction of dormant cells (10

-4
–10

-6 
[129]) due to bet-

hedging [50,129,218]. The question here was whether osmotic upshift induced 
the presence of dormant cells in a culture. A culture exposed to an osmotic 
upshift of 0.6M NaCl was compared to an unstressed culture. The presence of 
dormant cells was examined by testing the sensitivity of the cultures to the 
bactericidal antibiotic kanamycin by incubating the cultures for 4 hours in CDM 
with kanamycin and then colony forming units (CFU) were counted on LB agar 
plates. 
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The growth rate of B. subtilis decreased upon osmotic upshift, as 
expected (Figure 5A), but the osmotic upshift resulted in the presence of 
kanamycin insensitive cells, i.e. in dormant cells (Figure 5B). There were 4*10

7
 

living cells/ml left in the osmotic upshift stressed culture whereas no living 
cells were left in the unstressed culture. 

The sensitivity of B. subtilis cultures to kanamycin after exposure to 
osmotic upshift was studied in more detail. Cells were precultured in CDM, 
exposed to salt and then to kanamycin (Figure 6A) and subsequently followed 
by time-lapse fluorescence microscopy at the single cell level on CDM with 
1.5% agarose (Figure 6B). The culture that was not exposed to osmotic upshift 
but only to kanamycin for 4 hours grew poorly due to its sensitivity to 
kanamycin. The culture that had been exposed to osmotic upshift for 90 
minutes and subsequently to kanamycin for 4 hours grew good during the 
time-lapse experiment, showing that osmotic upshift induced the presence of 
dormant, kanamycin insensitive cells. The culture that was only exposed to 
osmotic upshift also grew good (Figure 6). Remarkably, the culture that was 
exposed to osmotic upshift and kanamycin grew to higher cell density than the 
culture that was only exposed to osmotic upshift. 
 

 
Figure 5. The growth and sensitivity of B. subtilis PproHJ-gfp to kanamycin after exposure 
to osmotic upshift. (A) OD600 of B. subtilis PproHJ-gfp which was split into two equal 
volumes after 4 hours; one of the cultures (black squares) was exposed to an osmotic 
upshift of 0.6M NaCl (indicated by the dashed grey line) and the other culture was not 
stressed (open circles). 75 minutes later 10 µg/ml kanamycin was added to both 
cultures (indicated by the grey line). (B) Colony Forming Units (CFU) in both cultures 
(squares: osmotically stressed, and circles: not stressed) were counted via dilutional 
plating on LB agar plates after the addition of kanamycin (grey line). 
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Figure 6. Three identical B. subtilis PproHJ-gfp cultures were grown in liquid CDM. (A) At 
an OD600 of 0.3 0.6M NaCl (dotted grey line) was added to culture one and three 
(squares and circles), two hours later 10 µg/ml kanamycin (grey line) was added to 
culture two and three (triangles and circles) and after an additional 3 hours incubation 
all three cultures were transferred to CDM + 1.5% agarose (without NaCl) for time-
lapse fluorescence microscopy. (B) Cell count during the time-lapse microscopy 
(symbols are the same as in figure A). 
 

Discussion 

In this study, we examined the heterogeneous response of B. subtilis 
cells to an osmotic upshift. Two phenotypes could be observed in a B. subtilis 
culture upon a 0.6M NaCl osmotic upshift in CDM medium in the absence of 
added osmoprotectants. Part of the culture adapted to the osmotic upshift by 
responding to the stress, e.g. by increasing the proHJ expression and 
continued cell growth and division and the other part of the culture did not 
adapt and was unable to restore cell growth. 

Here, we showed that such a heterogeneous response only occurred 
in CDM with 0.6M NaCl (Figure 3 and Figure 4) in contrast to CDM with 0.5 or 
0.7M NaCl. All cells had a low fluorescence intensity in CDM with 0.6M NaCl at 
the beginning of the time-lapse experiment and only the cells with increasing 
fluorescence intensity from PproHJ-gfp were able to grow and they 
outnumbered the low fluorescent cells at the end of the experiment. B. subtilis 
showed a homogeneous response in CDM with salt concentrations of 0.5 or 
0.7M NaCl (Figure 4). The fluorescence intensity in the PproHJ-gfp harboring 
cells was low when B. subtilis was stressed with 0.5M NaCl, so most likely the 
levels of ProH and ProJ were low but cell division was not affected and most 
cells were able to respond to this milder stress condition (Figure 4A). The 
fluorescence intensity in the PproHJ-gfp harboring cells was highly increased 
when B. subtilis was stressed with 0.7M NaCl. Most likely the levels of ProH 
and ProJ were also high, but cell division was not restored and cells were not 
able to cope with this stress condition (Figure 4B). The level of osmotic upshift 
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in B. subtilis’ natural environment (the soil) varies greatly [21], but here we 
showed that 0.6M NaCl presents a switching point in the cellular response. 

Such a heterogeneous response phenomenon has been described 
before as responsive diversification [105]; the two phenotypes – adapting and 
non-adapting cells – were generated from a homogeneous, isogenic B. subtilis 
population in response to an environmental change. Heterogeneity is a form 
of bet-hedging (risk spreading) and has been shown during diauxic shift 
recently [105,193]. B. subtilis responds to salt stress in a deterministic way 
when the proHJ operon is osmotically induced [22]. However, in response to 
the stress conditions, the proHJ expression seems to be stochastical, as only 
certain cells had a high expression of proHJ. These cells can synthesize enough 
proline to serve as osmoprotectant and support growth. It would be 
interesting to determine whether the history of the cells also influences such a 
heterogeneous response or whether the heterogeneous response depends 
solely on stochastic regulatory processes in the cells independently of its 
previous culturing conditions. Previous work has shown that B. subtilis cells 
respond homogeneously to certain environmental stress conditions like 0.4M 
NaCl or 1% ethanol [233]. Our study adds an interesting example to the 
heterogeneous responses of B. subtilis; in response to 0.6M NaCl salt stress. 

Bacterial cells can enter a dormant state stochastically or upon 
exposure to environmental stress, nutrient limitation, in a biofilm, or in 
interaction with a host (reviewed by [129]). The occurrence of persister cells 
has been shown in detail for carbon limitation [105]. Here we showed that 
upon osmotic upshift part of a B. subtilis culture entered into a dormant state; 
they did not grow or lyse and cells were insensitive to the bactericidal 
antibiotic kanamycin (Figure 5). In literature dormant bacterial cells mostly 
refer to spores [89,118,218], but in this study dormant cells do not refer to 
spores but to metabolically inactive cells. These cells are also called persisters 
because they are insensitive to antibiotics. 

What can be the mechanism for cells to go into the dormant state? In 
E. coli it has been shown that an increased HipA activity in a hipA mutant 
formed much more persistent cells than wild type E. coli [10]. However, B. 
subtilis does not have hipA or an homolog. Another explanation could be the 
concentration of (p)ppGpp (guanosine pentaphosphate) in cells. (p)ppGpp is 
also called the alarmone [91,129,130]. In E. coli it has been shown that cells 
with a stochastically high level of (p)ppGpp slowed down their growth rate due 
to the activation of toxin-antitoxin loci and those cells are multidrug tolerant 
[130]. In B. subtilis RelA is responsible for the synthesis and degradation of 
(p)ppGpp [224] and the expression of relA is a bit upregulated after salt stress 
according to earlier work [152]. It would be interesting to test the sensitivity of 
a B. subtilis DELTArelA strain to kanamycin. However a recent study showed 
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that a relA knockout strain had an undetectable level of (p)ppGpp but was 
insensitive to antibiotics [205]. These E. coli and B. subtilis studies show 
contradictory results about the relation between the (p)ppGpp concentration 
and the sensitivity to antibiotics. Maybe another factor than (p)ppGpp plays a 
role in the persister phenotype in B. subtilis. 
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Chapter 7 

Summary and general discussion 

Studying the dynamics of protein-protein interactions was the main 
goal of this PhD-project. It has been suggested that protein complexes might 
be the prokaryotic equivalent of organelles [96,231]. An example of protein-
protein interactions are metabolons, with the suggested function of substrate 
channeling. 

Protein-protein interaction studies are mainly done by yeast/bacterial-
two-hybrid studies and in vitro via crosslinking combined with pull-down and 
identification via mass spectrometry. However, for yeast-two-hybrid, 
knowledge about potential interaction partners is required and yeast-two-
hybrid can give false positive results [67]. In vitro it is not possible to study the 
dynamics of these interactions or whether these interactions occur 
heterogeneously in an isogenic culture. Protein-protein interactions have not 
been studied intensively in vivo because the available tools have limitations. 
The focus of this thesis was to study these interactions in vivo (chapter 3 and 
4). Fluorescence Resonance Energy Transfer (FRET) is an important tool to 
study protein-protein interactions in vivo, but also has its limitations. The 
donor and acceptor have to be in close proximity, in a good dipole-dipole 
orientation, and should have spectral overlap. 

Studying the function of specific amino acids in different functional 
domains of CcpA was the second field of interest during this PhD-project 
(chapter 5). CcpA is a pleiotropic regulator for the expression of genes 
involved in carbon metabolism. 

Heterogeneity in an isogenic culture upon osmotic upshift was the last 
field of interest (chapter 6). Earlier work by Brill et al. where the intracellular 
proline concentration was measured at different levels of osmotic upshift by 
sodium chloride, showed a large variation in the proline concentration at 0.6M 
NaCl [22]. The response of B. subtilis to osmotic upshift was measured here at 
the single cell level with a promoter-gfp fusion. We examined whether the 
large variation in the proline concentration at an osmotic upshift of 0.6M NaCl 
was due to heterogeneity. 

The work from all projects is summarized per chapter in figure 1. 
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Figure 1 (on page 112). The major finding of each chapter of this PhD-project is shown 
here in part of the cell. Chapter 2 and 3 on the left side are tool development 
activities: benchmarking GFP variants and comparing FP pairs for their suitability as 
FRET pairs, respectively. FRET was detected here via sensitized emission and FLIM. In 
chapter 4 the acquired knowledge of FRET was applied to study the dynamics of the 
interaction between CcpA and HPr. FRET turned out to be not so suitable to study 
protein-protein interactions. In chapter 5 the function of specific amino acids in 
different functional domains of CcpA were studied at the transcriptome level. Shown 
here is the number of affected genes per CcpA-mutant strain in both LB with glucose 
and LB without glucose. In chapter 6 the heterogeneity in an isogenic B. subtilis culture 
upon osmotic upshift was studied and we showed a switching point in the cellular 
response at an osmotic upshift of 0.6M NaCl. 

 

Benchmarking GFP variants 

Since the first heterologous expression of Green Fluorescent Protein in 
E. coli in 1994 [29] it was clear that GFP would be very valuable for molecular 
biology. Engineering of brighter and faster maturating variants is still ongoing. 
We have benchmarked seven GFP variants; five variants that already existed 
plus two of them which were codon optimized (chapter 2). These brighter GFP 
variants can be used for promoter-gfp fusions of weak promoters or can be 
fused to low copy proteins to study their localization or use them in single cell 
FRET applications. 

Testing the suitability of FPs as FRET pair 

The potential of FRET has been the motivation to develop variants of 
GFP with different colors, and which are brighter and maturate faster [208]. 
Fluorescent proteins (FPs) from other organisms than Aequorea victoria made 
the fluorescent toolbox even larger [183]. In chapter 3 the suitability of FPs as 
FRET pair was tested. FRET is the non-radiative energy transfer from an excited 
donor fluorophore to an acceptor fluorophore. For a successful FRET the 
donor and acceptor have to be in close proximity, which was achieved here by 
crosslinking them with a short linker. The linker contained the sequence of the 
TEV-protease recognition site so the FPs could be cleaved in vivo upon 
induction of the TEV-protease, thereby we could detect both high and low 
FRET efficiencies. The donor and acceptor must have a good dipole-dipole 
orientation, so the linker between the FPs is important, but it is difficult to 
predict which linker will have the best characteristics. The linker used in 
chapter 3 worked well. 

The emission spectrum of the donor should overlap with the 
absorbance spectrum of the acceptor, which is easy to achieve with the large 
number of available FPs. However, the spectral overlap is also the reason that 
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corrections have to be made, because donor emission can go into the acceptor 
channel and donor excitation light can directly excite the acceptor. In chapter 
3 FRET detected via sensitized emission and a correction method are 
presented. GFP-tagRFP and GFP-mKate2 were detected to be the best FRET-
pairs. We did not obtain proper results with Cerulean-Venus (CFP-YFP 
derivatives, chapter 3). CFP-YFP is the most common FRET-pair, but their 
spectral overlap is larger compared to other pairs and thus their FRET signal 
might be lost easier due to the corrections. Here GFP was chosen as a donor 
because it is much brighter than CFP. The advantage of (most) red-shifted 
FRET pairs is that their spectral overlap is smaller so undesired donor emission 
in the acceptor channel and undesired excitation of acceptor by donor 
excitation light are reduced. Furthermore the cellular auto fluorescence is 
lower with red-shifted FPs and there is less photo toxicity. 

GFP-tagRFP was therefore used in chapter 4 to construct protein-FP 
fusions for studying protein-protein interactions in living B. subtilis at the 
single cell level. 

Single cell FRET to study protein-protein interactions 

The initial plan of this PhD-project was to study the tricarboxylic acid 
(TCA) cycle metabolon data from Meyer et al. [138] in B. subtilis in vivo by 
using FRET. By studying these interactions in vivo we wanted to elucidate the 
dynamics of these interactions in space and time. However, as discussed in 
Chapter 4, we were not able to show interactions between CitZ, Icd, and Mdh 
by using FRET (data not shown). An explanation could be the suggested 
transient nature of protein-protein interactions [38,143]. The FRET signal could 
get lost in the background when the donor and acceptor interact only part of 
the time. The suggested low affinity of an enzyme complex for substrate 
channeling might be another reason [34,87]. It is also possible that the 
distance between the donor and acceptor fluorophore was too large or that 
their dipole-dipole orientation was not aligned properly. Another explanation 
could be that the sensitivity of our FRET method was too low. 

After those unsuccessful experiments with TCA-cycle protein-protein 
interactions we focused on the interaction of CcpA and HPr. It is known that 
CcpA and HPr form a complex before binding to DNA to affect gene expression 
regulation and the CcpA HPr complex is stable for a longer time [176,180]. 
With FRET detected via sensitized emission and with FRET-FLIM we were not 
able to show an interaction between CcpA and HPr (chapter 4). Piston et al. 
state that in an intermolecular FRET experiment the donor and acceptor ratio 
should be between 1:10 and 10:1, otherwise the FRET signal will get lost in the 
background because a too large part of the donor or acceptor fluorophores 
cannot interact [160]. The CcpA:HPr ratio was estimated to be 1:45 (based on 
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fluorescence intensities, chapter 4) and this could be a reason that an 
interaction was not observed. With a spectrum scan we were able to show 
that CcpA and HPr interact, but only in a glucose minimal medium during the 
exponential phase (chapter 4, figure 4). This interaction suggests that CcpA 
and HPr only interact during the exponential growth phase to ensure rapid 
growth of B. subtilis. 

The linker that was used to fuse CcpA-GFP and HPr-tagRFP was a 10 
amino acid long flexible linker, but it might be too long or too flexible to bring 
the fluorophores in close proximity and in a good orientation. Therefore, we 
think that in future protein-FP fusions a few different linkers should be tested 
in parallel for their performance in a FRET experiment. 

The resonance energy transfer efficiency could be improved in future 
protein-protein interaction experiments. Grunberg et al. have used affinity 
tags on the FPs to stabilize the interaction between FKBP12-mCitrine and FRB-
mCherry and thereby they were able to visualize the interaction via FRET-FLIM 
in live cells [72]. The affinity tag was based on domain-peptide interaction 
modules with proline rich motifs from the yeast protein Sho1 and might help 
in future attempts to study the CcpA and HPr interaction. 
Alternatively, FRET experiments could be tried with CcpA fused to Cy3 and HPr 
fused to BHQ-2 which is a non-fluorescent quencher of Cy3. This combination 
of fluorescent Cy3 and BHQ-2 as a quencher were used before [32]. A 
reduction of Cy3 fluorescence due to the quenching would prove that CcpA 
and HPr interact. There is no need for image correction due to spectral 
overlap. This could be very beneficial for the signal-to-noise ratio. 

In conclusion, it turned out to be very difficult to obtain a good signal-
to-noise ratio with intermolecular FRET detected via sensitized emission. 
Future in vivo studies on protein-protein interactions should only be done 
when the MEM-FLIM device (chapter 3) is sensitive enough for single bacterial 
cells. With MEM-FLIM it will become possible to study the dynamics of 
protein-protein interactions in vivo and at the single cell level. MEM-FLIM can 
be used for time-lapse microscopy and the fluorescence lifetime can be easily 
visualized in single cells with a heat map. A change in the fluorescence lifetime 
will represent (a change in) the interaction between CcpA and HPr. 

With MEM-FLIM, the percentage of donor population that is in 
interaction with an acceptor could be calculated from fluorescence lifetime 
decay patterns. Normally, the GFP fluorescence lifetime decay is mono-
exponential, but if only part of the CcpA-GFP population is in interaction, then 
the lifetime decay is not mono-exponential anymore because there are two 
different CcpA-GFP populations. 
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Function of specific amino acids in CcpA studied at the 
transcriptome level 

CcpA is the pleiotropic regulator for the expression of genes involved 
in carbon metabolism. When glucose is present in the medium, then most 
genes which are involved in the metabolism of other carbon sources are 
repressed by CcpA, to ensure optimal use of energy. In chapter 5 we studied 
the function of three specific amino acids located in different functional parts 
of CcpA. The mutated amino acids were: the methionine at position 17 which 
is involved in DNA binding, the threonine at position 62 which is located in the 
core protein next to the hinge helix which is involved in the conformational 
change of CcpA upon HPr-Ser46-P binding, and the arginine at position 304 
which is involved in HPr-Ser46-P binding. Those amino acids were selected to 
be mutated based on the crystal structure of CcpA in complex with HPr-Ser46-
P [176]. The transcriptome profiles of the ccpA mutant strains were studied at 
the beginning of the exponential growth phase using LB medium with and 
without glucose. The transcriptome from the ccpA-wt strain was always used 
as a control. 

The CcpA-M17R mutant was expected to have an altered DNA-binding 
property; therefore slight changes in the list of regulated genes were 
expected, but we did not find a clear difference in the target genes that could 
be explained by a change in cre (catabolite responsive element) binding of the 
CcpA-M17R mutant. CcpA-T62H was found to be a stronger repressor than 
CcpA-wt, both in presence and absence of glucose. We suggest that the T62H 
mutation forces CcpA in a conformational change which normally occurs upon 
HPr-Ser46-P binding. CcpA-R304W had a reduced affinity to bind HPr-Ser46-P, 
but this dimer formation is necessary to bind to DNA. HPr is only 
phosphorylated at Serine46 in presence of glucose and only phosphorylated 
HPr can form a dimer with CcpA [180] and chapter 1 figure 5. However, both in 
presence and absence of glucose the number of affected genes was higher 
than in wild type CcpA. 

Not all genes from the CcpA regulon [202] were found to be affected 
in one of the ccpA mutant strains. Maybe the gene regulation by CcpA is 
stricter in a glucose minimal medium. In this study we examined the effects of 
various CcpA mutants only in LB with or without glucose. It should also be 
noted that the CcpA regulon described on SubtiWiki is based on different 
articles. The missing of certain differentially regulated genes could also be a 
false-negative result of the microarray technique due to possible low spot 
intensity or high background signal. 

Results from this study might be useful for the optimization of so-
called cell factories. The uptake of nutrients and the secretion of proteins 
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could be improved by the altered gene regulation in one of the ccpA mutant 
strains. This could be interesting when CcpA relieves the repression of 
industrially interesting genes, which is the case for amyE (amylase) and malL 
(amylase) in the CcpA-R304W mutant strain. The gene regulation of the ccpA 
mutant strains is shown in chapter 5 and in an attachment, where all affected 
genes are listed. 

In this study we used DNA microarrays by which gene expression levels 
from various growth conditions or mutant strains can be screened easily. A 
disadvantage of this technique is that two conditions or strains can only be 
compared via binding competition of fluorescently labeled cDNA to the 
microarray probe, so the fold changes are relative. 

Next generation RNA sequencing is the successor of DNA microarrays. 
RNA sequence data is quantitative instead of ratio based. Thus, a more precise 
comparison of the ccpA mutant strains can be obtained with RNA sequencing 
data. Also, small and long non-coding anti-sense RNA molecules can be also 
detected easily with RNA sequencing methods. RNA sequencing is becoming 
cheaper and the software tools for data analysis are getting more and more 
user-friendly. 

Heterogeneity and presence of persister cells upon osmotic 
upshift 

Earlier work from project partners showed that there is a large 
deviation in the intracellular proline concentration when B. subtilis was 
osmotically stressed with 0.6M NaCl [22]. Proline is an osmoprotectant that 
can be synthesized by B. subtilis. Synthesis of proline was the only way for the 
cells to cope with osmotic upshift in the growth media used here due to the 
lack of other components that can serve as osmoprotectant, like glycine 
betaine or ectoine. We examined whether this variation in proline 
concentration is reflected in proHJ expression, e.g. whether proHJ expression 
is heterogeneous. Therefore the proHJ promoter was fused to gfp to study the 
proHJ expression at the single cell level. ProH, ProJ, and ProA are responsible 
for proline biosynthesis from glutamate and proHJ transcription is osmotically 
induced ([22] and chapter 6). We showed a heterogeneous response in B. 
subtilis upon osmotic upshift, with a switching point at 0.6M NaCl. At an 
osmotic upshift of 0.6M NaCl part of the culture had a high proHJ expression 
and was able to restore cell elongation and cell division while the other part of 
the culture did not have an increased proHJ expression and could not continue 
growth. At 0.5M NaCl the proHJ expression was low, but cells continued 
dividing. At 0.7M NaCl the proHJ expression was high, but cells did not manage 
to restore cell division. These observations indicated that the cellular response 
to an osmotic upshift is heterogeneous (chapter 6). 
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Upon osmotic upshift there were cells that were neither growing nor 
lysing in the time-lapse microscopy experiments. These cells could be dormant 
cells. Dormant cells are metabolically inactive and insensitive to antibiotics, 
and are also called persister cells [129]. We showed that part of the B. subtilis 
culture was insensitive to the bactericidal antibiotic kanamycin upon osmotic 
upshift in liquid cultures (chapter 6). 

Knowledge about persister cells is important during clinical use of 
antibiotics. Maybe the use of antibiotics can be adapted to increase the 
effectivity and thereby reduce the chance that resistant strains can be formed. 
Our preliminary results showed that upon addition of glucose after osmotic 
upshift cells became metabolically active and become sensitive to antibiotics 
again. Maybe the clinical use of antibiotics could also be combined with 
glucose to keep the bacteria sensitive to antibiotics. 

Time-lapse fluorescence microscopy was used here to study the 
heterogeneous response of B. subtilis upon osmotic upshift. Time-lapse 
microscopy is a nice tool, but image analysis is a time consuming part of the 
data analysis. Various image analysis software programs, like MicrobeTracker 
[190], Schnitzcells [234], and TLMtracker [99], were used to analyze the 
fluorescence microscopy data. The authors of these programs are very 
enthusiastic about the programs, but they also acknowledge that the success 
of these programs varies a lot per application. Every program was written for a 
specific goal or bacterium and that makes cell recognition more difficult for 
other goals or bacteria. The programs were quite successful in cell recognition 
in independent frames, especially MicrobeTracker. However, when 
subsequent time-frames have to be analyzed from a time-lapse movie it 
turned out to be difficult to keep track of individual cells in subsequent frames 
and to link mother and daughter cells after cell division. This is necessary to 
precisely follow a cell lineage and to visualize whether proHJ expressing cells 
could grow better upon osmotic upshift. We did not manage to do the time-
lapse image analysis with any of these programs and eventually did the time-
lapse image analysis manually with ImageJ, similarly as done before by de Jong 
et al. [41]. 

In future osmotic stress experiments, it would be nice to use 
microfluidics to study fluctuations in the osmotic stress level and determine 
whether proHJ expression is fluctuating in response to the stress level. The 
effect of various osmoprotectants could be studied in more detail. The effect 
of antibiotic insensitivity upon osmotic upshift could also be studied in great 
detail when the antibiotic is added to the flow medium subsequently after 
osmotic stress. Then it could be visualized whether the proHJ expressing cells 
are still sensitive to the antibiotic, while indeed the non-responding cells are 
truly in a dormant state. 
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The time required for the cells to respond to osmotic upshift can also 
be examined more precise with microfluidics. In the time-lapse method in 
chapter 6 there were approximately two hours between transferring the cells 
to the slide, i.e. to the medium where the cells faced the osmotic upshift, and 
the first fluorescence image. This cannot be done faster because the 
temperature of the slide needs to become stable (for autofocusing) and the 
slide needs to be scanned to select points of interest to follow over time. 
Microfluidics would solve this technical problem and would provide a proper 
approach to detect fast and also slow response to energy or osmotic stress as 
has been observed for sigB regulated pathways in B. subtilis [122,233]. 

Concluding remarks 

The work that was done during this PhD-project will be helpful for 
future FRET experiments to study protein-protein interactions in live bacterial 
cells at the single cell level (chapter 2 and 3). Future studies on protein-protein 
interactions with FRET-FLIM will give more insights in their dynamics and 
whether these interactions occur homo- or heterogeneously within cells of an 
isogenic culture. This will ultimately lead to a better understanding of the 
spatiotemporal organization of cellular components inside the cell (chapter 4). 
We got more insight into the function of individual amino acids in the 
regulator CcpA by mutating them and studying their effect on gene regulation 
at the transcriptome level. Point mutations in CcpA could be interesting when 
industrially interesting genes are no longer repressed by CcpA (chapter 5). The 
response of B. subtilis upon osmotic upshift has been studied in detail and a 
switching point in the growth restoration was revealed at an osmotic upshift 
of 0.6M NaCl (chapter 6). 
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Nederlandse Samenvatting voor de Leek 

“Als je niet van bacteriën houdt, dan ben je op de verkeerde planeet.” Vrij 
vertaald, Stewart Brand. 
 

Het Life Science gebouw van de Universiteit van Groningen, de 
Linnaeusborg, is vernoemd naar Carolus Linnaeus. Hij is de grondlegger van de 
indeling van organismen in groepen op basis van morfologie. Organismen 
kunnen worden ingedeeld in drie domeinen: Archaea (ook wel oerbacteriën),  
Bacteriën en Eukaryoten (o.a. bakkersgist, planten en dieren) zie afbeelding 1. 
Archaea en bacteriën zijn organismen zonder celkern en eukaryoten zijn 
organismen met celkern. 
 

Afbeelding 1. Fylogenetische stamboom om de evolutionaire geschiedenis van soorten 
weer te geven. De drie domeinen zijn weergegeven in blauw, rood en bruin. De 
knooppunten in deze boom verwijzen naar de meest recente gemeenschappelijke 
voorouder. Bron: http://nl.wikipedia.org/wiki/Fylogenetische_stamboom 

 
Bacteriën waren waarschijnlijk de eerste vorm van leven op aarde. 

Later tijdens de evolutie zorgde een symbiose tussen eukaryote cellen en een 
bacterie ervoor dat eukaryoten nu mitochondriën (de verbrandingsmotor die 
voor energie zorgt) hebben. 

Bacteriën zijn voor het eerst ontdekt rond 1670 door de Nederlandse 
opticien en bioloog Antonie van Leeuwenhoek. Hij deed zijn ontdekking met 
een zelfgemaakte microscoop en hij noemde ze beesjes, cleijne schepsels of 
animalcules. 

http://nl.wikipedia.org/wiki/Fylogenetische_stamboom
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Veel mensen denken als het over bacteriën gaat alleen aan de 
negatieve aspecten, zoals infecties (bijvoorbeeld van Streptococcus 
pneumoniae en Staphylococcus aureus) en bederving van voedsel 
(bijvoorbeeld door Bacillus cereus). Maar bacteriën zijn juist ook ontzettend 
nuttig voor ons! In het menselijk lichaam zitten ongeveer 10x zoveel bacteriën 
dan het aantal cellen waaruit we bestaan. Deze bacteriën zitten bijvoorbeeld 
op onze huid, maar vooral in onze darmen (onze darmflora). Hier helpen ze 
ons met de vertering van voedsel, om vitamines voor ons te maken en om ons 
te beschermen tegen ziekteverwekkers. De groei van de goede bacteriën in 
onze darmen zorgt ervoor dat de ziekteverwekkers niet kunnen groeien. 

Bacteriën worden ook gebruikt voor de fermentatie van voedsel, 
waardoor het voedsel een andere (vaak betere) textuur, smaak, geur en 
houdbaarheid krijgt. Denk bijvoorbeeld aan de productie van zuurkool of kaas 
en yoghurt. Terwijl (melkzuur)bacteriën in de melk groeien scheiden ze 
melkzuur uit wat zorgt voor een smaakverandering en een langere 
houdbaarheid van het voedsel. 

Een ander voorbeeld van nuttig gebruik van bacteriën is dat sommige 
bacteriën worden gebruikt om de antibiotica te maken waarmee we 
ziekteverwekkende bacteriën kunnen bestrijden. 

Het genoom, ook wel het DNA, van een bacterie is ongeveer 1000x 
kleiner dan dat van mensen. DNA bevat de genetische informatie en is de 
bouwtekening van leven. Sinds de jaren 80 van de vorige eeuw slagen mensen 
er steeds beter in om het DNA te veranderen. Dankzij deze genetische 
modificatie kunnen we bacteriën steeds beter voor ons laten werken. Denk 
hierbij aan eiwitproductie voor wasmiddelen of aan productie van bioplastics 
voor een beter milieu. 

Het voordeel van werken met bacteriën is dat ze snel groeien 
(verdubbelingstijd van 30-60 minuten) en dat veel genen, zoals voor 
suikermetabolisme, ook bij veel andere organismen voorkomen, zelfs ook bij 
mensen. We zijn dus sterker verwant aan bacteriën dan we denken! De kennis 
die is opgedaan met bacteriën kan dan ook worden gebruikt om andere 
organismen te bestuderen. 

Bacillus subtilis 

In dit proefschrift is de bacterie Bacillus subtilis gebruikt. B. subtilis 
komt veel voor in de grond en op de wortels van planten, maar kan ook 
voorkomen in onze darmflora. B. subtilis wordt wereldwijd als model-
organisme gebruikt, d.w.z. dat veel onderzoekers deze bacterie als studie 
object kiezen en de kennis die met deze bacterie is opgedaan kan weer 
worden ingezet om andere bacteriën te bestuderen. Voordat vanaf de jaren 
1950 antibiotica op grote schaal werden gebruikt werd B. subtilis ook gebruikt 
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als voedingssupplement om het menselijk immuunsysteem te stimuleren. Dit 
hielp tegen infecties in het spijsverteringskanaal en in de urinewegen. 
 

Afbeelding 2. Weergave van de grootte van verschillende cellen en onderdelen van 
cellen. Bacteriële cellen zijn bijna honderd keer zo klein als eukaryote cellen. Ook is 
weergegeven wat de resolutie is van verschillende technieken om cellen of onderdelen 
daarvan te bestuderen. Bron: Katherine Celler, Journal of Bacteriology 2013 [28]. 
 

Organisatie in bacteriën 

Lange tijd werd gedacht dat bacteriën aan de binnenkant slechts een 
ongeorganiseerd zootje waren, omdat ze geen organellen hebben. Maar 
bacteriën hebben ook een ‘skelet’: het cytoskelet. Dit is een ringvormige 
structuur die tegen hun celmembraan aanzit. Er is ook steeds meer bekend 
over de organisatie binnenin bacteriën en het blijkt dat veel eiwitten een 
specifieke locatie in de cel hebben. Eiwitcomplexen in bacteriën zijn misschien 
wel het bacteriële equivalent van eukaryote organellen. 

Eerder onderzoek suggereert dat deze eiwitcomplexen tijdelijk van 
aard zijn; ze vormen wanneer nodig en vallen daarna weer uit elkaar. In dit 
onderzoek wilden we van een paar eiwitten weten wat de dynamiek van deze 
complexvorming is. 

We hebben de eiwitten die betrokken zijn bij de vertering van suiker 
bestudeerd om meer te weten te komen over de interacties van die eiwitten. 
Dit is onderzocht in levende cellen met behulp van een microscoop. 
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Methode om eiwit-eiwit interacties te onderzoeken 

De methode die wij gebruikt hebben om eiwit-eiwit interacties mee te 
onderzoeken heet FRET (dat staat voor Förster Resonantie Energie Transfer 
(overdracht)). FRET kun je vergelijken met twee stemvorken (afbeelding 3). 
Wanneer je één van de stemvorken aanslaat begint deze te trillen; deze 
verspreidt een geluidsgolf. Een tweede stemvork kan deze geluidsgolf 
absorberen als die dichtbij is en daardoor begint deze ook te trillen met 
dezelfde frequentie. Dit natuurkundige verschijnsel heet resonantie. 

 
Afbeelding 3. Het principe van FRET kan worden uitgelegd aan de hand van 
stemvorken. Een aangeslagen stemvork kan door middel van resonantie (trilling met 
gelijke frequentie) zijn energie overdragen aan een tweede stemvork. Bron: 
http://www.photobiology.info/Experiments/Biolum-Expt.html 

 
Groen Fluorescerend Protein (eiwit, GFP) is in 1962 ontdekt in kwallen 

en in 1994 voor het eerst gebruikt in bacteriën. Fluorescente eiwitten zijn 
lichtgevende eiwitten. Sindsdien hebben onderzoekers wereldwijd dit eiwit 
aangepast om het feller te maken en om het andere kleuren te geven (zie 
afbeelding 4 en hoofdstuk 2). In ons onderzoek hebben we groene en rode 
fluorescente eiwitten gebruikt voor FRET. Het groen fluorescerende eiwit 
absorbeert lichtblauw licht met een golflengte van 490 nm (490 miljardste 
meter), en straalt vervolgens groen licht uit met een golflengte van 525 nm. 
Een rood fluorescerend eiwit kan juist groen licht absorberen en daarna rood 
licht (585 nm) uitstralen. Maar het rood fluorescerende eiwit kan ook worden 
‘aangeslagen’ door de trilling van het groen fluorescerende eiwit: als dat 
gebeurt is er sprake van FRET. 
 

In hoofdstuk 3 is getest welke combinaties van fluorescerende 
eiwitten het meest efficiënt hun energie kunnen overdragen. Het blijkt dat 
GFP (groen) en tagRFP (rood) het beste werken. 
 

Voor mijn onderzoek hebben we deze groene en rode eiwitten 
vastgemaakt aan eiwitten die we willen onderzoeken in B. subtilis. Als we het 
groen fluorescerende eiwit aanslaan en we zien daarna rood licht, dan is dat 

http://www.photobiology.info/Experiments/Biolum-Expt.html
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het bewijs dat deze eiwitten een interactie met elkaar hebben. We zijn vooral 
geïnteresseerd in de dynamiek van deze interactie: wanneer vindt die 
interactie plaats en gebeurt het in alle cellen op dezelfde manier? 
 

 
Afbeelding 4. Een greep uit de verschillende fluorescerende eiwitten die nu 
beschikbaar zijn. Bron: lezing van Nobelprijswinnaar Roger Tsien, 2008. 
www.nobelprize.org 

 

Eiwit-eiwit interacties in levende bacterie cellen 

De vertering van suikers en koolhydraten heet koolstofmetabolisme 
en is een belangrijke bron van energie en bouwstoffen voor bacteriën (en 
mensen). 

Er zijn veel verschillende koolhydraten (suikers) beschikbaar en 
bacteriën hebben voor elke suiker unieke genen. Het is belangrijk dat alleen de 
genen die op dat moment nodig zijn ook ‘aan’ staan, want het aanzetten van 
andere genen is energieverspilling. CcpA en HPr zorgen voor deze regulatie 
(‘aan- of uitzetten’) van genen voor koolstofmetabolisme. Het fluorescente 
eiwitpaar dat als beste uit de test kwam in hoofdstuk 3 is in hoofdstuk 4 
vastgemaakt aan de regulatie eiwitten CcpA en HPr. 

Bacteriën groeien het snelst wanneer ze maar één koolstofsoort 
tegelijkertijd gebruiken. Snelle groei is goed voor hun voortbestaan. Het 
omzetten van DNA naar RNA naar eiwit kost energie en cellen moeten zuinig 
zijn op hun energie, o.a. door alleen de noodzakelijke eiwitten te maken. De 
favoriete koolstofbronnen van B. subtilis zijn glucose en fructose. Wanneer de 
favoriete koolstoffen niet aanwezig zijn is CcpA vrijwel niet actief. Maar 
wanneer een van deze aanwezig is zetten CcpA en HPr de genen voor de 
verwerking hiervan aan en genen voor de verwerking van andere koolhydraten 
worden onderdrukt. De eiwitten CcpA en HPr zorgen hiervoor door aan DNA 
te binden. Alle genen hebben een promoter (een startplaats voor de vertaling 
van DNA naar RNA naar eiwit). Wanneer CcpA vóór deze startplaats op het 
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DNA bindt zet het een gen ‘aan’ en als CcpA ná deze startplaats op het DNA 
bindt zorgt het voor een blokkade, een wegversperring, waardoor het gen ‘uit’ 
blijft. 
 

Het was al bekend dat CcpA en HPr een interactie aangaan. In 
hoofdstuk 4 hebben we onderzocht wanneer ze dat precies doen en of alle 
cellen in een bacterie cultuur hetzelfde gedrag vertonen. De fusie van de ccpA 
en HPr genen met de genen voor de fluorescente eiwitten (op DNA-niveau) 
zorgde ervoor dat de eiwitten fluorescent gelabeld waren. De labeling van 
CcpA met een groen eiwit en HPr met een rood eiwit ging goed, maar het is 
niet gelukt om de energie overdracht van het groen- naar het rood 
fluorescerende eiwit te meten. Een reden hiervoor kan zijn dat maar een klein 
deel van de CcpA en HPr eiwitten een complex met elkaar vormen; het 
interactie signaal gaat dan verloren in de achtergrondruis. Of de groen- en 
rood fluorescerende eiwitten waren te ver weg van elkaar. Dit zou getest 
kunnen worden door de eiwitten op veel verschillende manieren aan CcpA en 
HPr vast te maken, maar dat is erg tijdrovend werk. Mijn advies voor de 
toekomst is: gebruik een directere methode om interacties te meten, zoals het 
meten van de fluorescente levensduur. De fluorescente levensduur is de tijd 
dat het groen fluorescerende eiwit groen licht kan uitstralen. De aanwezigheid 
van een rood fluorescerend eiwit verkort deze levensduur. Deze levensduur 
hebben we ook gemeten in hoofdstuk 3 en 4, maar deze methode bleek nog 
niet gevoelig genoeg voor gebruik op bacteriële cellen. Toepassing op 
eukaryote cellen is in het werk van anderen wel gelukt. Dit komt mede omdat 
eukaryote cellen veel groter zijn en dus veel meer kopieën van een eiwit 
hebben waardoor het lichtsignaal veel sterker wordt. Men kan ook andere 
methoden zoeken om eiwit-eiwit interacties te bestuderen. 

Functie van individuele aminozuren van CcpA 

De bouwstenen van eiwitten heten aminozuren. Uit eerder werk met 
CcpA is bekend welke aminozuren betrokken zijn bij DNA binding, bij vorm 
veranderingen van CcpA (het eiwit is flexibel) ten behoeve van de functie en 
bij de binding van HPr. In hoofdstuk 5 hebben we onderzocht wat het effect op 
gen regulatie is als CcpA in zijn geheel is verwijderd en wanneer drie van de 
aminozuren zijn veranderd (gemuteerd). De verandering van gen regulatie is 
over het hele B. subtilis genoom onderzocht. Daarvoor is DNA transcriptoom 
analyse gebruikt. Met deze techniek meet je de hoeveelheid RNA die per gen 
aanwezig is. RNA is het intermediair in de omzetting van DNA naar eiwit en de 
hoeveelheid RNA varieert per gen. We willen de veranderingen in gen 
regulatie weten en daarvoor is RNA uit de B. subtilis stam met het gemuteerde 
CcpA vergeleken met een controle, namelijk RNA uit B. subtilis met de 
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originele, natuurlijke CcpA variant. Wanneer de hoeveelheid RNA hetzelfde is 
als in de controle dan is er niets veranderd, maar als de hoeveelheid RNA in de 
mutant meer of minder is dan in de controle dan wordt het interessant, want 
dat laat zien dat de gen regulatie door de CcpA mutant veranderd is. Het blijkt 
dat CcpA-M17R (CcpA waarin aminozuur 17 is veranderd) een deel van zijn 
regulatie functie verloren heeft, want de onderdrukking van alle 
koolstofmetabolisme genen die niet bij glucose horen is zwakker. CcpA-T62H is 
juist een sterkere regulator geworden. CcpA-R304W is een mutant die de 
regulatie van genen ook kan doen zonder de hulp van HPr. Verder laten we in 
detail zien hoe de regulatie van genen veranderd is. Deze kennis kan worden 
ingezet bij de productie van interessante eiwitten (voor bijvoorbeeld 
wasmiddelen). 

De reactie van Bacillus subtilis op zoutstress 

Zoals gezegd komt B. subtilis vooral veel voor in de grond. Daar heeft 
de bacterie te maken met regen en droogte waardoor de osmotische druk 
(zoutstress) nogal varieert. Wanneer de grond droog is heeft B. subtilis te 
maken met een hoge osmotische druk en wanneer de grond door regen nat is 
heeft B. subtilis te maken met een lage osmotische druk. Osmose zorgt ervoor 
dat water naar die kant van het celmembraan stroomt waar de 
zoutconcentratie het hoogst is. In het geval van hoge osmotische druk in de 
omgeving van de bacterie stroomt het water de cel uit. Dit heeft gevolgen 
voor alle processen in de cel (zoals functioneren van eiwitten of celdeling). In 
hoofdstuk 6 hebben we op het niveau van individuele cellen bestudeerd hoe 
B. subtilis reageert op zoutstress. Het blijkt dat niet alle cellen bij een bepaalde 
hoeveelheid zout op dezelfde manier reageren, terwijl ze wel genetisch 
identiek zijn! Sommige cellen weten zich aan te passen en kunnen verder 
groeien en sommige cellen kunnen zich niet aanpassen en kunnen dus niet 
verder groeien. De cellen die zich aanpasten maakten zelf een zogenaamde 
osmobeschermer aan: het aminozuur proline. Proline kan door de cel in hoge 
concentratie worden opgehoopt en verhoogd daarmee de osmotische druk in 
de cel waardoor het water ook weer terug de cel in stroomt. 

Dit verschijnsel van heterogeniteit (verschillend gedrag in een 
genetisch gelijke celcultuur) is interessant: lang werd gedacht dat alle cellen 
precies hetzelfde doen, maar dat is dus niet altijd zo. Het begrijpen van deze 
variatie kan belangrijk zijn bij de industriële productie van eiwitten want als 
niet alle cellen hetzelfde doen dan gaat dat ten koste van de opbrengst. Ook 
bij de bestrijding van infecties kan deze kennis bruikbaar zijn. 
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Verder ben je altijd in voor een grap. Helaas is de beste grap niet uitgekomen, 
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ook de lol van in om lange tochten te maken. De fietselfstedentocht en de 
Amstel Gold Race hebben we mooi gedaan. Wie weet wat de volgende tocht 
wordt…LBL of La Marmotte? 
 
Ard Jan bedankt voor alle gezelligheid en dat je mijn paranimf wilt zijn! Succes 
met je onderzoek! 
 
Sjoerd, Jelle, Lieke, Marielle, Auke bedankt voor alle gezelligheid binnen en 
buiten het lab en de tips voor experimenten. 
 
Maarten Mols, bedankt voor de discussies en het sparren over experimentele 
opzet en resultaat analyse en alle mooie gesprekken op het lab. 
 
Luiza, thanks a lot for continuing the work on chapter 6! Good luck with your 
projects! Elrike, thanks for the discussions and proofreading chapter 4! Maike, 
thanks for the discussions and proofreading chapter 5! 
 
Jan voor de discussies op feestjes. Mirjam, je bent een geweldige persoon om 
mee te discussiëren en het eerste onderwerp waar we het over eens zijn moet 
nog gevonden worden, als we ons microbiologische werk buiten beschouwing 
laten. Ook moet je vaker taarten bakken! Robin bedankt voor alle fietstochten 
en leuke praatjes! Robyn bedankt voor de pub quiz waar we met een MolGen 
team altijd mooie avonden hebben gehad. Wout, bedankt voor de 
samenwerking in het GFP paper! Manolo, always in for a joke. Good to see 
that you like it in The Netherlands and that you bring some of the Spanish 
culture to our group. Enjoy your stay in Groningen! Afzal, we had a nice time in 
the party committee of the group! Good luck with everything! Ana, thanks for 
the collaboration that resulted in the GFP paper. You are always in for a joke 
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and also in your case it is nice to see that you like it so much in Groningen. 
Good luck with in your future career. Anne-Stephanie, thanks for all the 
comparisons between France and The Netherlands. Dongdong, it is nice to 
learn more about China. I will never forget the cola-chicken that you made on 
international dinners. 
 
Siger voor alles om het lab draaiende te houden. En voor het samen opruimen 
van de -80 vriezers, kost wat tijd maar dan heb je ook wat! Ik hoop dat het nu 
lang netjes blijft. Anne voor alles om het lab draaiende te houden en de bio- 
informatica tools die ik heb gebruikt. Anne H. voor alles om het lab draaiende 
te houden en de leuke praatjes over van alles. Zonder jullie (Siger, Anne en 
Anne) zou MolGen niet zo efficiënt zijn geweest! 
 
Peter, Mozes, Jannet, Mirelle, Klazien voor alle ondersteuning om het lab 
soepel te laten draaien. Mirelle sterkte en beterschap! 
 
Tomas, Harma, Jimmy, Tonia, Irfan, Andrius, Renske, Morten, Mikkel, Li, Yi, 
Rieza, Barbara, Liang, Haojie, Andrius, Yoshi, Clement, and Yi for the nice 
atmosphere in the group, in the lab and during drinks and lab outings. 
 
Eliene Timmer. Bedankt voor je inzet en enthousiasme bij hoofdstuk 6, ik vond 
het leuk om je te begeleiden tijdens je onderzoeksstage. 
 
Patricia Razquin Navas. Thanks for your enthusiasm and help on chapter 6. 
Also for comparing the Spanish and Dutch culture. It was nice to supervise you 
during your research project. Good luck with your own PhD-project! 
 
Anna Lauxen. Bedankt voor je inzet en enthousiasme bij hoofdstuk 4! Ik vond 
het leuk om je te begeleiden. 
 
Verder wil ik Ben bedanken voor de gitaarlessen en Hanneke voor de 
zanglessen. Dit is een mooie hobby die heel ontspannend werkt! 
 
Natuurlijk wil ik ook alle vrienden bedanken voor alle vakanties, feesten, 
discussies over van alles en nog wat en de bieren die we zelf gebrouwen 
hebben!! 
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Pa en Ma, bedankt voor alles! Jullie hebben altijd vertrouwen in mij gehad. Het 
belangrijkste moment was in het eerste jaar van mijn scheikunde studie toen 
ik twijfelde over mijn studiekeuze. Dankzij jullie ben ik doorgegaan en al snel 
wist ik zeker dat scheikunde wel mijn studie is! 
Martijn en Stefan bedankt voor alle gezelligheid en grappen over mijn 
studentenleven! 
Anne, Marijke, Rodger ook bedankt voor alle gezelligheid. 
 
Petra, mijn lief;) We hebben tegelijkertijd promotieonderzoek gedaan en we 
verdedigen ons proefschrift allebei op dezelfde dag: hoe mooi is dat! Voor alle 
dingen die we tegen gekomen zijn, waren we mooi elkaars klankbord. Ik vind 
het superfijn om bij jou te zijn: laten we samen nog heel veel meemaken, zoals 
bijvoorbeeld mooie vakanties, stedentrips, feesten en concerten.  
Dikke zoen;) 
 
Ruud 
Groningen, december 2015. 
 


