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Essential genes are involved in control of the basic metabolism of their host. 

These genes encode elements involved is such crucial processes as DNA replication, 

transcription, translation or biosynthesis of important molecules. What makes essential 

genes unique is the fact that they cannot be lost from the genome. If any of them becomes 

inactivated it would result in inevitable death of an organism. Because of their role they 

can be efficiently used to control the survival of genetically modified organisms. Specific 

regulatory mechanisms can be applied to modulate the activity of essential genes, which 

prevents an organism from growing at determined conditions. Such mechanisms are 

called “kill switches” and have been developed in recent years as a response to significant 

development in the field of molecular biology. 

Proteins encoded by psychrophilic organisms are characterized by decreased 

resistance to thermal denaturation. This is believed to be a result of adaptation to low-

temperature environment, where mutations that destabilize the protein structure are not 

selected against. For these reasons they often cannot perform their functions at moderate 

temperatures, which are typical for mesophilic organisms. At the same time psychrophilic 

proteins do not display any inhibition at permissive conditions. 



 iv 

Use of psychrophilic alleles of essential genes has been proposed as a method of 

rendering modified organisms incapable of surviving at elevated temperatures. This 

allows generation of attenuated strains of pathogenic bacteria or generally safe versions 

of laboratory organisms. A temperature-sensitive organism can be created by substituting 

a single essential gene in mesophilic organism with its psychrophilic homologue. This 

can be facilitated by using the host’s native recombination system or through the use of 

plasmid based allele shuffling mechanisms. 

The objective of this work was to analyze a number of psychrophilic alleles of 

various essential genes for their ability to cause temperature-sensitive phenotype in 

mesophilic bacterium Francisella novicida. The special attention has been placed on 

investigating psychrophilic alleles of bacterial DNA ligase. Furthermore a selected 

psychrophilic strain has been characterized as a potential source of multiple temperature-

sensitive alleles of essential genes. Finally the secondary focus was to develop a simple 

and robust mechanism allowing efficient exchange of alleles of essential genes in the 

mesophilic host. 
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Chapter 1 

Introduction 

 

Synthetic biology 

 

Definition 

 Synthetic biology is a term for an interdisciplinary branch of science focused on 

analysing and creating biological devices. This involves researching the basic elements 

(modules) of natural systems and adapting them to synthetic ones. It could be said that 

synthetic biology is an engineering approach to biological systems. This involves initially 

reverse engineering such systems to isolate individual elements that create them and to 

gain insight into relations between these elements, followed by using this knowledge to 

control their processes and adapt them to specific functions. This would involve creating 

organisms that could facilitate more efficient bioremediation, synthesis of organic 

compounds or prevention of diseases. 

 The term “synthetic biology” has been remarked a few times in publications from 

the Twentieth century. One of the first uses of this term is attributed to the Polish 

geneticist Waclaw Szybalski who, in 1974, mentioned synthetic biology as a stage of 

development in molecular biology that comes after the “descriptive phase” and acts as a 

mean of creating “new better control circuits” for organisms (1). However the actual 

development of synthetic biology only began in the Twenty-first century, after the 

progress was made by traditional molecular biology. In addition the early development of 

synthetic biology was enhanced by the “omics” sciences (genomics, transcriptomics and 
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proteomics) that allowed large scale analysis of the basic components of living 

organisms. It was also dependant on the establishment of technologies allowing cheaper 

sequencing and synthesis of DNA fragments (2–4). Therefore while the concept of 

synthetic biology did exist for at least several decades, only within the last 15 years the 

progress of technology allowed actual implementation of these ideas. 

 

Modularity 

 The synthetic biology’s approach to living systems is characterized by the interest 

in defining individual parts – modules, which create more complex elements (5). In terms 

of synthetic biology a part would be any DNA sequence fulfilling a certain role that can 

be preserved after such element is isolated from its background. This means that modules 

can be transferred to a new system and perform the same function in a predictable 

manner. Some examples of basic biological parts would be sequences that directly 

control gene expression like promoters (6, 7), terminators (8) and ribosome binding sites 

(RBSs) (9). Other basic elements can be involved in encoding protein or protein domains 

that have been characterized (10). The important feature of modular elements is that their 

activity is predictable when moved between different genetic backgrounds (11). 

 There has been a considerable effort put into characterizing as many biological 

parts as possible. Currently the biggest collection of elements characterized for use in 

synthetic biology is the Registry of Standard Biological Parts, which was founded in 

2003 at the Massachusetts Institute of Technology (12). At this moment the registry 

contains approximately 9000 unique elements. This includes basic components 

(promoters, coding sequences) as well as complete devices consisting of multiple 
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individual elements. These complex elements were created to perform a specific function 

in the cells of their host e.g. biosynthesis of selected compounds or response to specific 

environmental stimuli. Information about individual collections of biological parts have 

been also published in the scientific literature (8). There are also standardized methods 

that facilitate assembly of basic components into more complex devices (13). It is likely 

that in time more collections of biological devices will be created in response to 

developments in the field of synthetic biology. 

 

Biological devices 

 Assembled biological devices consist of multiple regulatory and effector parts 

(11). The fundamental criterion for a device is its ability to regulate a specific process 

within the cell. The simplest device would consist of a single operon controlling 

expression of a protein or a regulatory RNA. Such simple devices are often used as 

reporters that produce a visible output e.g. fluorescent protein. More complex devices 

might provide control over elaborate mechanism. They can also integrate input from 

several stimuli at the same time (Fig. 1). With the need to control different types of 

complex processes, most synthetic biology devices must include multiple individual 

elements. 

 Complex synthetic biology devices can give robust control over multiple genes 

that, together, encode a biochemical pathway (14). Commonly studied control devices 

include biological toggle switches and oscillators (15, 16). The interest in these types of 

devices stems from the requirement to control cellular activities that generate outcomes 

dictated by the investigator. Some examples of such outcome are biological systems that 
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act as biosensors, are used to deliver therapeutics or synthesize biofuels (17, 18). Some of 

the created synthetic biology devices are linked the cell’s own metabolic network and 

allow control over its basic processes. The progress in development of genetic devices 

allows their incorporation into the genetic background of the host organism.   
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Figure 1 Example of a complex genetic circuit. 

This schematic shows an example of genetic circuit. The presented device can produce an 

output, resulting in expression of a gene of interest (GOI), in response to the presence of 

two signals (arabinose and IPTG induction) recognized by the appropriate regulatory 

factors (AraC and LacI regulators). The regulators are constantly being expressed in 

order to detect the presence of their respective signals. Only when both signals are 

present at the same time the input is processed. This allows the expression of IpgC 

chaperone responsible for proper folding of MxiE transcription factor. That element 

controls the expression of a final product. This kind of genetic circuit has been presented 

to generate the predicted output (19).   
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Biosafety devices 

 

Beginnings 

 In February 1975 a conference held at Asilomar State Beach in California 

discussed the possible hazards that might result from the recent development in 

biotechnology and regulations that have to be implemented for public safety. One of the 

discoveries that prompted this event was an experiment conducted by Paul Berg at the 

Stanford University. In this experiment, DNA of the monkey/human virus SV40 was 

recombined with the DNA of bacteriophage lambda. The obtained construct would be 

capable of replicating in the cells of Escherichia coli and easily generating many copies 

of the viral genome (20). This was recognized as a potential threat for human health. In 

response to this, the Asilomar conference suggested a number of means that could limit 

the possible danger caused by similar experiments (21). This includes necessity for 

containment facilities adequate to the risk caused by the subject of research. In addition 

to using appropriate physical barriers preventing the unwanted spread of modified 

organisms it was also recommended to use specific biological barriers. This includes use 

of laboratory organisms, such as for cloning purposes, which would be unlikely to 

survive in the natural environment. Another important element would be preparation of 

the cloning vectors capable of replicating only in a narrow range of host species. These 

measures were later implemented to minimalize the potential risks for humans and 

environment. 
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Current situation 

 The progress of biological sciences has led to development of more precise and 

high throughput methods of modifying the living organisms. This includes the possibility 

of synthesizing large fragments of DNA, even entire genomes (22). It also allows 

creating functional sequences that would not be found among the living organisms 

outside of the laboratory. These new methods give possibility of generating robust 

genetically modified organisms (GMOs) that could establish their presence in the natural 

environment and introduce the possessed sequences to the wild species. This gave a rise 

to a necessity of developing better methods of limiting the chances of survival of GMOs 

outside of the regulated conditions and to prevent the chances of gene transfer between 

them and the environmental species. 

 Limitation of both survival of laboratory strains and the horizontal gene transfer 

are the focus of newly developed means of regulating the growth of GMOs. The risk of 

horizontal gene transfer (HGT) comes from vectors that can move across species via 

natural transformation, transduction or conjugation. To address this issue, several 

mechanisms have been proposed. One approach is to create vectors that lack elements 

essential for their proper replication (23). These elements are transferred into the 

chromosome of the host strain, effectively limiting the replication of such vectors to the 

modified strain. Another possibility is to use conditionally lethal cassettes that are not 

dangerous to the host strain, but upon transfer to a new organism would kill it (24, 25). 

These means can be efficiently utilized to limit the chance of unwanted gene transfer 

from the GMOs. 
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Genetic biosafety mechanisms 

 Preventing GMOs from surviving in the natural environment requires 

modifications that allow the strain to propagate at the permissive conditions, such as in 

the laboratory culture, but prevents them from living at the restrictive ones. One way to 

achieve this, in similar fashion to the HGT prevention, is to use a controlled expression of 

a lethal gene. Under controlled growth conditions the lethal gene’s expression is 

constantly being repressed by an external regulatory factor. Upon release to the 

environment this element is no longer present, which allows expression of the lethal gene 

(26). The other commonly used method to achieve this is creation of an auxotrophic 

mutant. Such a strain can be created by simply deleting a gene responsible for 

biosynthesis of specific compound that is necessary for survival. The modified strain can 

grow in the laboratory conditions when its growth medium is supplemented with the 

appropriate growth factors. However in the natural environment, it is highly unlikely that 

concentration of the growth factor would be sufficient to allow the mutant’s propagation. 

One example of such a strategy is a Salmonella typhimurium strain lacking active 

aspartate β-semialdehyde dehydrogenase, which makes it incapable of surviving without 

the supplementation with diaminopimelic acid (27). Finally, instead of deleting the gene 

that is crucial for the organism’s survival, it is possible to simply regulate its expression 

(or regulate the activity of the gene’s product). For example, one could block the 

formation of an essential metabolite at certain conditions, thus controlling the strain’s 

survival. 

Recently an elaborate system for control of E. coli growth was described. Its aim 

was to generate a strain that would incorporate synthetic amino acids into its essential 
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proteins (28). Such amino acids could not be synthesized by the strain itself, thus making 

it dependant on exogenously delivered component. In this study, researchers have created 

a modified strain of laboratory E. coli having of its natural TAG stop codons replaced by 

either TGA or TAA, which act as alternative stop codons. Such a complex genome 

engineering procedure was possible thanks to the Multiplex Automated Genome 

Engineering (MAGE) approach (29), which allowed mutagenesis of multiple residues 

simultaneously. The changes in the codon pattern were followed by deletion of a release 

factor protein (RF1) that specifically recognizes the TAG codon. Normally, when the 

RF1 protein binds to its stop codon it causes the release of the newly synthesized protein 

and disassembly of the active ribosome. Since both stop codon and RF1 are gone from 

the genome of modified strain the TAG is no longer utilized by the host organism. 

However, once a heterologous tRNA molecule, capable of recognizing the TAG codon, is 

placed in the genome of the modified organism, the sequence can be used to encode 

amino acids. The introduced tRNA has to be paired with its own aminoacyl-tRNA 

synthetase that can load selected amino acid on the tRNA molecule. To test the efficiency 

of this approach residues within several essential E. coli genes have been replaced with 

TAG codons. Subsequently the codons became recognized by tRNA linked to p-acetyl-L-

phenylalanine, p-iodo-L-phenylalanine or p-azido-L-phenylalanine. These non-biogenic 

amino acids are being incorporated into proteins crucial for survival of the modified 

strain. However since the strain cannot synthesize them on its own, it becomes an 

auxotroph for these compounds. A similar project has also successfully incorporated L-

4,4’-biphenylalanine into several essential genes in the altered strain of E. coli (30). Such 

an approach proved to be highly efficient as the modified strain is very unlikely to mutate 
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into forms independent of the synthetic amino acid supplementation. However it requires 

far going changes in the genome of the host and therefore is unlikely to be implemented 

into a wide range of different organisms. 

 

Essential genes 

 The idea of using essential genes as a part of genetic safety mechanism has gained 

interest in the last several years (31–33). In order to ensure the functionality of a kill 

switch in a particular host it is necessary to identify its own set of essential genes – the 

minimal genome. The initial search for essential genes can be helped by comparing the 

analyzed genome to the sequence of known essential genes. However ultimately it is 

necessary to experimentally validate the nature of such gene in the context of the host 

genome. Many research projects have been focused on establishing the minimal genome 

of representatives from different groups of living organisms.  

Definition 

Essential genes (EGs) are recognized as those that are necessary for survival of an 

organism. This means that loss of any essential gene would result in death or inability to 

reproduce. While some genes might be required for survival in a specific environment 

(e.g. an antibiotic resistance gene for culture containing that specific antibiotic), they are 

not considered essential. Such genes are not mandatory for an organism to prevail in the 

laboratory culture, where all crucial growth factors are provided. Loss of an EG might 

result in an immediate halt of important cellular functions e.g. loss of elements involved 

in transcription or translation. Alternatively the effect might be observed later if the gene 

was involved in cyclical processes like cell division (34). However the common effect of 
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EG loss is inability to produce viable offspring, whether it belongs to a uni- or 

multicellular organism. 

Essential genes are responsible for maintaining basic metabolism. This includes 

such processes as DNA replication, DNA transcription, translation and biosynthesis of 

specific cofactors. Almost all proteins, whether working individually or as elements of 

multi-protein complexes, that facilitate these functions are encoded by essential genes. A 

defined set of essential genes within a particular organism is often referred to as a 

minimal genome. Finding minimal genomes of model organisms has become a focus of 

multiple research projects in the last decades. However since different groups of living 

organisms display varying level of complexity, the number of their EGs can be 

significantly different.  

 

Minimal genome of prokaryotes 

Many bacterial species have been investigated to evaluate the number of genes in 

their minimal genomes. It is estimated that approximately 300 genes in the genome of 

E.coli – a model prokaryotic, unicellular organism, are necessary for survival (35, 36). 

This number of EGs seems to be similar to that of other known prokaryotes, like Bacillus 

subtilis (37), Helicobacter pylori (38) or Mycobacterium tuberculosis (39). Interestingly 

that number tends to be very similar even between prokaryotic genomes that significantly 

vary in size, as the estimation of ~300 EGs seems to be true for both bacterium with 

smallest genome (0.58 Mbp) among free living organisms - Mycoplasma genitalium (40), 

and bacterium with one of the largest genomes (6.3 Mbp) – Pseudomonas aeruginosa 

(41). Some EG screening experiments suggest that the number of essential genes for 
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some of the bacterial strains might be around 600 – 700 (41, 42). However these research 

projects usually do not investigate each identified ORF deletion in details. Currently the 

most detailed analysis of essential genes has been performed in E.coli. The possible 

explanation of differences between observed results will be discussed in next chapter. 

There are reports of prokaryotic organisms with less than 300 predicted genes in 

their genome, such as Tremblaya princeps (43), Carsonella ruddii (44) and many others 

(Table 1). However these organisms are obligatory symbionts and cannot live 

independently. Most of their essential metabolic functions are being fulfilled by a host 

organism or another co-symbiont. They also lack many known essential genes that are 

involved in replication, translation and biosynthetic pathways. It is often noticed that the 

dependency on the host factors makes these bacteria more similar to semi-autonomous 

cellular organelles, like mitochondria or chloroplasts, than free living bacteria. Therefore 

current understanding of prokaryote physiology strongly suggests that the minimal 

genome of typical bacterial species consists of approximately 300 genes. 
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Table 1 Characteristics of selected bacterial genomes. 

Organism 

Genome 

size (bp) Number of genes GC(%) Ref. 

Candidatus Tremblaya princeps* 138931 110 58.8 (43) 

Candidatus Carsonella ruddii* 159662 182 16.5 (44) 

Candidatus Zinderia insecticola* 208564 202 13.4 (45) 

Candidatus Sulcia muelleri* 276511 246 21.1 (45) 

Candidatus Moranella endobia* 538294 452 44 (43) 

Buchnera aphidicola* 638852 593 25.6 (46) 

Mycoplasma genitalium 580070 482 31 (40) 

Mycobacterium tuberculosis 4411529 3924 65.6 (47) 

Bacillus subtilis 4214810 4100 43.5 (48) 

Escherichia coli 4639221 4288 50.8 (49) 

The list represents some of the known species with the smallest genomes, as well as 

typical model bacterial organisms. Organisms marked with (*) are obligatory 

endosymbionts and cannot be cultured independently in laboratory conditions. 
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While multiple bacterial species were investigated to identify their essential 

genes, only a few members of Archaea have become a subject of similar analysis. In 

2013, a research paper describing transposon mutagenesis based investigation of the 

genome of the methanogenic archaeon Methanococcus maripaludis was published (50). 

The results suggested that approximately 500 genes are essential for its growth. Earlier 

comparative analysis of 16 complete archaeal genomes revealed a conserved core of over 

300 genes that were represented in all investigated species (51). These findings would 

suggest that the typical archaeal minimal genome is comparable in size to a bacterial one. 

 

Minimal genome of eukaryotes 

The number of EGs is significantly higher among eukaryotes. The model 

organism - Saccharomyces cerevisiae, which is a unicellular eukaryote, requires 1100 

genes to maintain its basic functions (52). A similar number (~1200 EGs) has been 

proposed for another yeast organism – Schizosaccharomyces pombe (53). The significant 

difference between unicellular prokaryotes and eukaryotes is most likely related to the 

more complex construction of eukaryotic cell and cellular mechanisms that are unique to 

eukaryotic gene expression, e.g. splicing. Following this reasoning we would expect that 

the number of essential genes would be even higher among multicellular eukaryotes. 

Studies of Caenorhabditis elegans that focused on 86% of its 19,427 genes suggested that 

over 1700 of them are important for organism’s fitness (54). In details, inhibition of 

approximately 270 of these genes was associated with defects in post-embryonic 

development (regarding e.g. movement or body shape). Inhibition of another 270 genes 

seemed to cause slowed or arrested development at post-embryonic stage. The loss of 
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functionality from the remaining genes caused death or sterility. This would imply that 

approximately 1500 genes are crucial for the survival of this species. Establishing the 

minimal genome for other multicellular eukaryotes is an ongoing project that could help 

with understanding the complexity of these organisms. 

 

Identification 

 Identifying the essential genes in a particular genome requires a method of high-

throughput analysis. Usually it relies on selecting mutants with individual genes 

inactivated. If one cannot isolate a clone lacking a functional copy of a certain gene, it 

strongly suggests that particular sequence might be essential. There are several high 

throughput methods of detecting essential genes that utilize this approach. The most 

commonly used ones (especially among simple organisms) are transposon mutagenesis, 

single ORF deletion and trapping lethal insertion mutants. Transposon mutagenesis 

seems to be the most commonly utilized approach. It is predominantly due to its relative 

simplicity as well as the fact that it can be used in various different organisms. The basic 

principle of this technique is to induce transposition of mobile genetic element containing 

selective cassette into the genome of investigated organism. This allows isolation of 

mutants with insertions in random genes. Usually at least 10,000 mutants are analyzed for 

the insertion site of the mobile sequence to ensure a proper coverage of the entire 

genome. The drawback of this system is the fact that certain transposable elements might 

have a preference for insertion in specific regions (55), which reduces the ratio of 

transposition to other parts of the genome. Subsequently this imposes a requirement to 

increase the amount of analysed clones in order to avoid missing non-essential genes. 
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Certain regions might not contain the transposon cassette not because they are crucial for 

the host, but because of random nature of transposition.  

An alternative method, also relying on gene inactivation, is called trapping of 

lethal insertion mutants (56). It uses a population of sequences obtained from a known 

genome by cloning its fragments into a conditionally replicating vector. The collection of 

such sequences is introduced into the analysed organism, which is subsequently 

incubated at conditions non-permissive for vector’s replication. This allows selection for 

clones that have the constructs integrated into their chromosome via a homologous 

recombination. This event is facilitated by the presence of a DNA fragment cloned from 

the genome. Integration of the vector should cause an inactivation of any gene in that 

region, just like transposition of selectable cassette. The advantage of this approach is the 

possibility of guiding the constructs into designated regions of the genome, thus ensuring 

that each gene can be targeted. However both of these methods share one common flaw. 

Many genomes are redundant and single function can be performed by multiple different 

genes. Therefore a loss of one gene can be complimented by the presence of another. On 

the other hand an insertion in an operon containing essential gene might have lethal effect 

even if the inactivated gene is not essential itself. This makes it harder to define all the 

essential genes within a single genome. 

 

Utilizing essential genes in biosafety control mechanisms 

 Because of the crucial role of essential genes in maintaining the basic metabolism, 

they can be utilized as elements of genetic circuits focused on controlling the fitness and 

survival of an organism. Because of the development of genetically modified organisms 
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there is a desire to create mechanisms that provide control over life and death of 

generated strains. This would prevent unwanted spreading of such organisms, act as a 

safety switch or simply allow inactivation of cells as a step in an industrial process. Such 

an effect could be achieved by either inducing the expression of lethal genes or 

preventing the expression of a necessary one. Utilizing lethal or conditionally lethal 

genes would require insertion of a heterologous sequence into the genome of a modified 

organism and putting it under tight control to ensure expression in a response to specific 

stimulus. However this approach carries a risk of losing the introduced genes. Since they 

do not provide any advantage and often might be a burden, it would be favorable for the 

host to remove them from its genome. Therefore an organism that has lost inserted 

genetic elements would increase its fitness within the population. Because of this risk the 

control over essential genes seems to be a more reliable solution. Simple loss of essential 

gene itself would be lethal for an organism and therefore would be selected against. 

However it would still require a specific system for regulation of the target gene 

expression. This would usually involve systems that utilize regulation at the various 

levels of transcription or translation of chosen genes. Yet these systems are also likely to 

mutate within a large population. Additionally tight and precise control might be hard to 

implement without sufficient knowledge of the host’s native regulatory mechanisms.  

Designing an essential gene encoding protein that itself has feature allowing 

conditional inactivation would grant control over organism’s growth without the need to 

create a complex expression system. It would mean that any special genetic circuits for 

regulation of expression are obsolete. Additionally, mutations in the coding sequence are 

much more likely to create a disadvantage for an organism and therefore be under 
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negative selection pressure. It would mean that the whole system is much more stable. 

Attempts to create such protein have been made with the recent development of modified 

E.coli strains that can utilize non-biogenic amino acids. Such strain can incorporate 

additional amino acids, ones that are usually not utilized during translation, into its 

proteins (30). This however means that an adequate synthesis of modified protein 

requires presence of these amino acids in the growth medium. If that modified protein is 

providing an essential function in the cell, then survival of the entire organism is 

dependent on the presence of externally provided amino acids. The downside of this 

method is the necessity of creating a specific strain of E. coli that has been adapted to 

utilize non -biogenic amino acids. On top of that it only allows control over its growth in 

response to a very specific chemical compound. A much more interesting approach 

would be to adapt a protein to react independently, without interactions with other 

cellular components, to a specific environmental signal and change its own features. A 

good example of this solution is the use of temperature-sensitive (TS) essential proteins. 

Advantage of TS proteins is the possibility of using them in multiple different 

hosts. Since essential genes are conserved among many different, even distantly related, 

species it is possible to utilize the host’s native expression regulators to control the 

production of introduced protein. The only necessity is to place the coding sequence of 

TS sequence under the control of regulatory elements responsible for expression of the 

wild type allele. Therefore there is no necessity to develop separate mechanisms allowing 

the precise control over protein biosynthesis, like promoters or ribosome binding sites 

(RBS). This means that even organisms with poorly understood regulatory elements can 

be modified to become temperature-sensitive. The only restriction in creating strains 
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relaying on TS essential genes is the efficiency of recombination in the organism of 

interest. This presents a much easier method or implementing biosafety mechanisms and 

it can be used in a broad range of host species. 

The TS genes have been already successfully utilized as a mean of controlling the 

bacterial growth. One such example could be the creation of strains of pathogenic 

bacteria unable to grow at the temperature of human body (31). These modified bacteria 

can be used as live vaccine strains. In similar fashion, creating the temperature-sensitive 

strains of human viruses allows generation of much safer means of vaccination (57). 

 

Examples of essential genes 

 Essential genes govern many metabolic pathways. This creates a variety of 

enzymes that can be utilized in genetic circuits that control the survival of a modified 

organism. In this work several essential genes have been successfully adapted in a 

mechanism regulating the fitness of altered prokaryotes and eukaryotes. The following 

chapters will briefly discuss the basic information regarding these genes. Emphasis has 

been placed on explaining the role that the genes’ products play within the cellular 

metabolism. Additionally the presence of gene’s homologues in different groups of living 

organism and structure of their protein products was mentioned. These chapters serve to 

help with placing the investigated elements within the complexity of metabolism of living 

organisms. 
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DNA ligase 

 DNA ligase is the enzyme that we have placed most focus on during the course of 

this work. Our observations suggest that temperature dependant inactivation of this 

enzyme can cause a rapid halt to the growth of a genetically modified organism. The 

results of investigating temperature sensitive alleles of DNA ligase are described in the 

Chapters 3 and 4. 

Role 

DNA ligase is an essential enzyme commonly found in all cellular organisms. The 

role of this protein is focused on forming the covalent bonds between the 5’ phosphoryl 

and the 3’ hydroxyl groups in breaks of the DNA backbone. Because of this activity, it 

plays an important part during DNA replication, recombination and repair. Loss of a 

DNA ligase activity can quickly cause formation of double stranded breaks in the DNA 

followed by an enzymatic degradation of the chromosome (58). 

There are two types of DNA ligases that can be distinguished based on the 

cofactor utilized for reaction catalysis (59, 60). The first group consists of ATP-

dependent ligases, mostly found among eukaryotes and archeons, as well as encoded by 

viruses and phages. The second group is classified as NAD-dependent ligases, which are 

predominantly found in bacteria. Research suggests that original ligases were utilizing 

ATP as a cofactor and the NAD-dependant variants appeared only in bacteria. A 

remarkable exception is DNA ligase from thermophilic archeon Thermococcus 

fumicolans, which can utilize both ATP and NAD as a cofactor (61). Additionally, while 

there are multiple cases of ATP-dependent ligases encoded by bacterial genomes, such 
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enzymes are non-essential and cannot complement lack of the NAD-dependent ligase 

(62, 63).  

The most crucial role of DNA ligase in an organism is to create covalent links 

between short DNA fragments (Okazaki fragments) generated on the lagging strand 

during the replication. Mutations that cause loss or significant down regulation of this 

function are usually lethal to the host organism. It was proven that a single round of DNA 

replication in E.coli cells lacking sufficient DNA ligase activity is causing a lethal effect 

(58). This is caused by the generation of double stranded breaks in the DNA backbone, 

which arises from the DNA replication that uses nicked DNA as a template. The 

damaged DNA is then quickly degraded by exonucleases resulting in breakdown of the 

entire chromosome. While DNA repair systems can temporarily inhibit the lethal effect 

of DNA ligase deficiency, they cannot prevent it in the long run. This proves that DNA 

ligase plays crucial role in maintaining the integrity of the chromosome. 

 

Organisation 

The essential bacterial ligase contains several domains. The most N-terminal 

fragment is the Ia subdomain, unique for NAD-dependent ligases. It is involved in 

interactions with the cofactor. The next element is the adenylation domain, localized near 

the N-terminal end of the protein, just next to the Ia fragment. It contains residues 

responsible for recognizing the cofactor, forming the enzyme-cofactor complex and 

catalyzing the reaction. This domain is also highly similar to the corresponding region 

from ATP-dependent ligases. Next is the OB domain, which is partially involved in the 

catalytic activity, but mostly contributes as a DNA binding surface. Further elements are 
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zinc binding domain and HHH (helix-hairpin-helix) motif. These elements are believed to 

be responsible uniquely for binding DNA. The last part of the sequence encodes the 

BRCT domain. While this domain is often found among proteins responsible for the 

DNA repair and cell cycle checkpoints, its role in DNA ligase activity is unconfirmed. So 

far it has been shown that deletion of this domain does not stop the in vitro activity of the 

enzyme. It does however inhibit it significantly (64). This domain composition is highly 

conserved among bacteria and can be found in all essential NAD-dependant DNA 

ligases. All known NAD-dependent ligases are acting as monomeric proteins, 70-80 kDa 

in size. In summary the N-terminal region of NAD-dependant ligase is mostly 

responsible for catalytic activity and interactions with the cofactor, while the C-terminal 

part binds DNA. 

The essential ATP-dependant DNA ligases are significantly more variable than 

their bacterial counterparts. The domain composition of these enzymes is not a highly 

conserved as the NAD-dependant ones. This might be caused by the fact that ATP-

dependant ligases are found among greater variety of organisms and therefore have 

adapted to different conditions. Additionally ATP-dependant ligases are the only DNA 

ligases found among multicellular eukaryotes. The complexity of these organisms caused 

them to rely on several specialized types of DNA ligases (65). Among them ATP-

dependant DNA ligase I is the one fulfilling the role most similar to the NAD-dependant 

ligase in bacteria. It is conserved in all eukaryotes and is involved in nuclear DNA 

replication, repair and recombination. In budding yeasts, like Saccharomyces cerevisiae, 

it is also involved in mitochondrial DNA replication and repair. The latter role is fulfilled 

by DNA ligase III in vertebrates, which also helps in nuclear DNA repair. The last type 
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of enzyme – DNA ligase IV, is conserved among all eukaryotes and plays role in nuclear 

DNA repair. Because of these specialized roles ATP-dependant ligases tend to be more 

variable.   

 The domain composition of ATP-dependant ligases is much less conserved than 

that of essential bacterial ligases (Fig. 2). Their size can vary between 30 and 100 kDa. 

All of them possess a catalytic domain and non-catalytic regions. The smallest ATP-

dependant DNA ligases, like T7 DNA ligase, consist of only catalytic domain and OB 

domain. Other ligases from this group might possess additional domains, similar to those 

found in NAD-dependant DNA ligases. Additionally they often have cellular localization 

signals, like nuclear localization signal (NLS).  

 Despite the differences in composition all DNA ligases possess a set of conserved 

motifs involved in their catalytic activity. These motifs are named I-VI and are found in 

the catalytic region and the OB domain. Same motifs can be found among related 

nucleotidyl transferases like RNA ligases and GTP-dependant capping enzymes. While 

some of the motifs are poorly conserved (e.g. motif VI), especially between bacterial and 

eukaryotic enzymes, certain residues that are crucial for catalytic activity are preserved 

among all functional enzymes. Motif I is the most crucial one as it contains conserved 

lysine residue. That lysine is responsible for formation of the covalent bond with the 

cofactor, which is a necessary step in the early stage of reaction. Any mutations of this 

amino acid result in complete loss of activity and when introduce into essential DNA 

ligases, have lethal effect.  
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Catalysis 

 The reaction of DNA ligation consists of three steps. The first one involves 

formation of enzyme-AMP intermediate. This event is facilitated by creation of a 

phosphoramidate bond between cofactor and the ε amino group of the conserved lysine 

from the motif I in the catalytic domain. Among NAD-dependant ligases this step 

involves cleaving NAD, which results in creation of two mononucleotides – AMP and 

nicotinamide. The ATP-dependant ligases break an ATP molecule into AMP and 

pyrophosphate. During the second step AMP particle is transferred from the enzyme onto 

the DNA backbone at the site of a single strand break. It ends with formation of bond 

between the free 5’-phosphate group of the DNA strand and the 3’-hydroxyl group from 

the cofactor. In the last step the AMP-phosphate bond is attacked by the 3’-hydroxyl 

group of the other DNA fragment, which results in connection of two DNA strands and 

release of free AMP.  

 In addition to the organic cofactor DNA ligases require presence of metal ions for 

proper activity. This includes divalent and monovalent ions. The divalent metals are 

bound close to the active site of the enzyme. Two such metal binding sites have been 

found in human DNA ligase I (66). Both of them are located in the catalytic site, close to 

the covalently linked AMP. Two glutamate residues seem to be responsible for 

interacting with the ions. It is believed that the presence of these metal particles plays a 

role in positioning the bound cofactor to allow the reaction with DNA backbone. Usually 

magnesium is used to fulfill that role in the in vitro conditions. However other divalent 

ions have also been proven to facilitate the enzymatic activity of DNA ligase. This 

includes ions of cobalt or manganese (67). On the other hand ions of heavy metals, like 
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zinc and cadmium had a strong inhibitory effect on the enzymatic activity (68). 

Additionally some monovalent cations, like Na
+
 and K

+
, have a inhibitory effect on DNA 

ligase (69, 70). Others, like NH4
+
 and Li

+
, were proven to raise the reaction efficiency of 

DNA ligation when present at low concentrations (71). Therefore most of ligation 

reactions are supplemented with selected set of metal ions. This kind of ion dependency 

is common among different types of DNA ligases. The one known exception is the ligase 

from acidophilic archaeon Ferroplasma acidiphilum which requires two trivalent ions of 

iron per active enzyme and does not need magnesium or potassium (72). It is believed to 

be an adaptation to the extreme conditions of its environment. However despite some 

differences in preferred element the necessity of metal ions for enzyme activity is a 

shared feature of all DNA ligases. 

 

Methionyl-tRNA formyltransferase 

 Investigation of methionyl-tRNA formyltransferase was a part of large scale 

screening for temperature sensitive alleles of essential genes that is described in the 

Chapter 6.  

Translation initiation 

 Translation of information from mRNA occurs on the ribosomes. In bacteria the 

70S ribosome consists of large 50S and small 30S subunit. The assembly of translation 

complex begins with association of the 30S subunit with mRNA and fMet-tRNA. These 

elements are then stabilized together and the interaction between the start codon on 

mRNA and anticodon on tRNA are formed. That complex then binds to the 50S subunit. 
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At the end of the process, thanks to the presence of protein initiation factors and changes 

in the conformation, the complete 70S ribosome is formed. During the translation acylo-

tRNAs can interact with the three binding pockets located between the ribosome 

subunits. These pockets are named aminoacyl (A), peptidyl (P) and exit (E). Initially the 

tRNA molecule binds in the A site. During the translation tRNA changes its position, 

moving to another pocket region. The elongating peptide chain is attached to the bound 

acyl-tRNA while it moves to the P site. Later peptide chain is transferred to another 

tRNA and the used RNA particle is transferred to E site where it dissociates from the 

ribosome. Every acylo-tRNA involved in the protein synthesis goes through all three sites 

in that order. The only exception is the initiation tRNA that starts bound directly to the P 

site. The ribosome assembly is a multistage process that involves many components, both 

protein and RNA, and relies on specific interactions between these elements (73). 

Initiation tRNA binds with the ribosome in a unique way. Positioning the 

initiation tRNA on the P site occurs in three steps called codon-independent binding, 

codon dependent binding and tRNA adjustment. Interactions between fMet-tRNA and the 

ribosome are facilitated by the initiation factor 2 (IF2). First IF2-GTP complex helps with 

binding initiation tRNA to the 30S subunit. The binding is then tightened by the 

interactions between the start codon on the mRNA and the anticodon in the loop of 

tRNA. At this stage the IF3 ensures proofreading of the intiation tRNA. What follows is 

assembly of the complete ribosome through interaction with 50S subunit. Finally fMet-

tRNA adjustment is facilitated by the IF2 and hydrolysis of GTP. This causes changes in 

the position that tRNA takes on the P site. The ability of IF2 to specifically interact with 

fMet-tRNA is facilitated by the presence of the formyl group on the loaded amino acid 
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(74). The selectivity of interactions between IF2 and fMet-tRNA are an important factor 

for the correct initiation of translation. 

 

Role of formyltransferase 

Methionyl-tRNA formyltransferase (FMT) is an enzyme involved in modification 

of the amino acid methionine. During the catalyzed reaction a formyl group from N
10

-

formyltetrahydrofolate is transferred to the α-amino group of methionine. When the 

process of protein synthesis is complete the formyl group is usually removed from the 

amino acid chain through the activity of deformylase. The biosynthesis of fMet is a 

phenomenon limited to bacteria and eukaryotic organelles. There are no enzymes with 

similar functions in the cells of organisms from groups Eukarya or Archaea. Additionally 

only the methionine on tRNA involved in initiation of translation gets modified. The 

isoacceptor tRNAs utilized during the elongation stage carry non-modified amino acids. 

Therefore the role of FMT is limited to preparing the elements necessary at the beginning 

of the translation process. 

 Formyltransferase is important for the proper growth of bacteria. Early studies 

suggested that deletion of the fmt gene significantly reduces E.coli growth at 37⁰C and 

completely prevents growth at 42⁰C (75). This would suggest that while important the 

gene is not essential for the survival. Studies in other bacterial species suggested that 

disruption of fmt might be even less damaging than it was in E.coli (76). Furthermore 

several types of bacteria were capable of growing even in the absence of folate, which is 

necessary for the synthesis of cofactor delivering the formyl group for the reaction. 
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However more recent studies of essential genes in E.coli and related bacteria showed that 

fmt is essential at all conditions (31, 35, 77). Additionally genes encoding functional 

formyltransferase can be found among many different members of Bacteria group, 

suggesting important role in the cellular metabolism. This suggests that while in selected 

species the essentiality of fmt might be debatable it does provide indispensable function 

in the model organisms. 

 

Tyrosyl-tRNA synthetase  

Investigation of tyrosyl-tRNA synthetase was a part of large scale screening for 

temperature sensitive alleles of essential genes that is described in the Chapter 6. 

Role 

 Aminoacyl-tRNA synthetases (aaRS) are a group of enzymes responsible for 

linking amino acids with their partner tRNAs. This reaction is necessary for the 

progression of translation. It allows recognition of each individual codon as carrying 

information about the selected amino acid. Since the translation mechanism is highly 

conserved in all domains of life, similar tRNA synthetases are found in all organisms. 

Majority of the living organisms possess 20 different aaRS, one for each biogenic amino 

acid (78). Each enzyme has to recognize specific tRNA molecules that carry codons for 

its amino acid and distinguish them from the other tRNAs. If a single amino acid is 

encoded by multiple codons then its aaRS will utilize all of the appropriate isoacceptor 

tRNAs. Since all tRNA types have similar secondary and tertiary structure the enzymes 

have to rely on less obvious differences to distinguish between them. This might be based 
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on a specific base pairs in the acceptor stem, different length of loops or the interactions 

with anticodon sequence (79). Additionally many tRNAs contain modifications that 

prevent recognition by a wrong aaRS e.g. lysidine (modified cytosine) in the tRNA
Ile

 of 

E.coli (80, 81). The final mechanism ensuring accurate discrimination of amino acids is 

the hydrolytic activity that can remove misplaced residues. Many aaRSs possess a second 

active site that can facilitate such reaction. While some bacterial ssRSs do not have 

correcting activity they are complemented by separate enzymes with editing capabilities. 

Overall the aminoacyl-tRNA synthetases play a crucial role in facilitating an adequate 

progression of each translation. 

 Aminoacyl-tRNA synthetases catalyse the aminoacylation in two distinct steps 

(82). First the enzyme binds amino acid and ATP molecule. The amino acid is activated 

by adenylation, which requires hydrolysing ATP into AMP and pyrophosphate. 

Subsequently AMP molecule is being transferred onto the amino acid. In second step the 

amino acid part of created aminoacyl adenylate is moved to the 2’ or 3’ hydroxyl group 

of 3’-end of bound tRNA. The reaction involves release of pyrophosphate, which is later 

hydrolysed by an enzyme called inorganic pyrophosphatase. Since the hydrolysis is 

highly exoergic the whole process becomes energetically favourable. The initial 

adenylation step also requires presence of magnesium ions, like many similar reactions. 

Therefore the specific reaction of aminoacylation in addition to its substrates requires 

presence of specific cofactors and metal ions for its completion. 
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Structure 

 The aminoacyl-tRNA synthetases can be divided into two basic classes (83). The 

distinction is based on their structure and sequence similarity. First class consists mostly 

of monomeric enzymes. During the reaction they transfer the amino acid onto the 2’ 

hydroxyl group of tRNA. They possess two conserved sequences in their active site: 

“KMSKS” (Lys-Met-Ser-Lys-Ser) and “HIGH” (His-Ile-Gly-His). Both motifs are found 

in the loop regions of their enzymes. The members of the second class are usually 

dimeric or tetrameric proteins. They are known to catalyse transfer of amino acid onto the 

3’ hydroxyl group of target tRNA. These enzymes have three motifs characterized by a 

weak consensus. Other differences between two classes are in the way they bind ATP and 

tRNA. Therefore both classes have very distinct features and structure. The tyrosyl-tRNA 

synthetase is a class one aaRS and operates as a monomer. 

 

Porphobilinogen deaminase 

 The prophobilinogen deaminase has been analysed to investigate the capability of 

alleles of essential genes from the genome of Colwellia sp. C1 to generate a temperature 

sensitive phenotype (described in the Chapter 5). We specifically focused on this enzyme 

because of its involvement in the biosynthesis of biologically important cofactors. As 

such we expected that the inactivation of this enzyme would cause much slower cell 

death than expected from the products of other investigated essential genes. 
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Role 

 Tetrapyrroles are a class of chemical compounds that perform multiple important 

functions in living organisms. Among those molecules are porphyrins, chlorins and 

phycobilins, which have key role in metabolism. Their common feature is a structure of 

four pyrrole rings arranged in linear or circular fashion. One of the essential features of 

circular tetrapyrroles is their ability to chelate divalent metal cations such as Fe
2+

 or 

Mg
2+

. Hemes with ability to chelate iron ions play crucial role as cofactors in electron 

transport complexes e.g. cytochromes. The cytochrome molecules contain different heme 

compounds as prostetic groups necessary for their activity. Therefore the presence of 

enzymes that are responsible for synthesising tetrapyrroles is required for many essential 

metabolic pathways. 

Biosynthesis of tetrapyrroles occurs in multiple steps and involves several 

enzymes (84). The single pyrrole molecule, which forms one fourth of tetrapyrrol, is a 

heterocyclic pentamer consisting of four carbon atoms and one nitrogen atom. It also has 

two methine groups. However pyrrole is not an intermediate in the synthesis pathway. 

The precursor compound is 5-aminolevulini acid (ALA). In bacteria ALA can be 

synthesized in one of two alternative pathways. The Alphaproteobacteria do it by 

condensating succinylo-CoA and glycin in the Shemin pathway also known as C4 

pathway. Other bacteria, such as E.coli, utilize the C5 pathway that starts from glutamate. 

In the first step of tetrapyrrole synthesis two ALA molecules are condensed to form a 

porphobilinogen. This reaction is catalyzed by porphobilinogen synthetase, encoded by 

hemB gene. Then four molecules of porphobilinogen are linked into a linear tetrapyrrole 

preuroporphyrinogen. At this point the created product contains four modified pyrrole 
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rings. The condensation of four porphobilinognes is facilitated by porphobilinogne 

deaminase (PBGD), encoded by hemC gene. Finally preuroporphyrinogen is converted to 

uroporphyrinogen III when the ends of linear molecule are ligated together into cyclic 

structure. This last step is helped by the uroporphyrinogen III synthetase, encoded by 

hemD gene. After that the pathway splits into two possible directions. One leads to 

synthesis of vitamin B12, coenzyme F430 and heme d1, while the other follows with 

formation of hemes and chlorphylls. The first three reactions and the enzymes that 

catalyze them – hemB, hemC and hemD – are common for all tetrapyrrole synthesis 

pathways. 

 Porphobilinogen deaminase requires the presence of its cofactor to catalyse 

polymerisation of porphobilinogen into preuroporphyrinogen. The specific cofactor for 

PBGD is a molecule of dipyrromethane covalently attached to protein through a tioether 

bond. Interestingly, this element is synthesized by its apoenzyme from two molecules of 

prophobilinogen. The cofactor serves as an attachment site for the polymerizing 

prophobilinogens. The substrate prophobilinogen is deaminated forming methylene 

pyrroline, which subsequently forms covalent bond with the cofactor. Next substrate ring 

is processed in exactly the same way, but if forms link with previously bound modified 

prophobilinogen. Finally the complete preuroporphyrinogen is released, which 

regenerates the original cofactor. Because of the unique nature of dipyrromethane 

cofactor the presence of substrate can directly affect the activity of enzyme. 
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Structure 

 Porphobilinogen deaminase acts as a monomeric protein with three distinct 

domains. All three domains have relatively similar size. The domains are connected with 

each other by hinge regions that allow high degree of flexibility. The dipyrromethane 

interacts with the cavity between domain 1 and domain 2, but is covalently bound to 

cysteine in domain 3 (85). There are three sites for binding pyrrole rings, two of them 

seem to be responsible for binding the cofactor while the third one interacts with the 

substrate. The porphobilinogen deaminase has a similar structure and organisation, even 

between distantly related organisms. It is believed that enzyme undergoes significant 

conformational changes during the catalysis of reaction. Additionally the presence of 

multiple cofactor binding regions helps stabilize the apoenzyme. 

 

Peptidylt tRNA-hydrolase 

 Peptidyl tRNA-hydrolase is an essential gene used during the investigation of a 

plasmid based allele exchange system (described in the Chapter 7). This gene has been 

selected for the experiments because of its small size and universal presence among all of 

the groups of living organisms. 

Role 

 Peptidyl tRNA-hydrolase is responsible for cleaving the peptidyl-tRNA bond on a 

stalled ribosome. This function is crucial, as during translation some ribosomes happened 

to halt the process resulting in inhibition of protein synthesis. Usually it occurs as a result 

of defective mRNA, amino acid starvation or insufficient level of tRNA. This process can 

possibly be lethal for the cells and therefore factors that can release and recycle the stuck 
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elements of translational mechanism are required. These factors include tmRNA, RF and 

EF proteins and enzymes such as peptidyl tRNA-hydrolases (Pth). The Pth enzyme 

catalyzes the hydrolysis of ester bond between the C-terminal end of peptide chain and 

the 2’ or 3’ residue of ribose in tRNA. This allows the release of tRNA, which can be 

later reused in another translation reaction (86). Therefore Pth provides important 

function that is essential for survival of an organism. 

 Currently there are two distinct types of Pth proteins known to be utilized by 

living organisms. The first group (Pth1) has been found in Bacteria and Eukarya. Those 

enzymes were the first discovered peptidyl-tRNA hydrolases. At the same time no 

elements with similar sequence were localized in the archaeal genomes. The Archaea 

domain possesses its own class of peptidyl tRNA-hydrolases (Pth2), which is distinct 

from the previously characterized enzymes in both sequence and structure. While it is 

believed that Pth1 class is specific to Bacteria and Pth2 is specific to Archaea, the 

Eukarya domain can possess representatives of both of these groups. Additionally 

eukaryotes might utilize other set of enzymes that fulfill similar role in their cells. The 

presence of Pth1 enzymes is essential to the survival of bacteria, however it has been 

proven that despite their differences the Pth2 enzymes can complement its loss (87). At 

the same time none of these two enzyme groups seem to be essential for the survival of 

eukaryotes (88, 89). Therefore it looks like there are at least two groups of protein with 

the activity of peptidyl tRNA-hydrolase, which are responsible for crucial functions in 

the cells of living organisms. 

 The loss of Pth activity in E.coli results in the cell death (90). The lethal effect is 

associated with accumulation of peptydyl-tRNA (91). Furthermore, the antibiotics that 
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cause rise in the cellular level of peptidyl-tRNA can increase the severity of observed 

phenotype. The most likely explanation for the observed lethality is the significant 

decrease of free tRNA level, which directly reduces the rate of protein synthesis. 

Specifically certain types of tRNA are more prone to accumulate in form of peptidyl-

tRNA than others. Several fold increased expression of tRNA
Lys

 is sufficient to supress 

the temperature-sensitive mutation of pth gen (92). At the same time higher level of other 

types of tRNA does not provide such effect. In line with these results the decrease in 

tRNA expression is causing, just like certain antibiotics, more severe effect of Pth 

depletion. Therefore it seems very likely that functional Pth is essential to maintaining a 

minimal level of free tRNA that is crucial for efficient protein synthesis and, as a result, 

the survival of the cell.  

 

Organisation and catalysis 

 Two classes of identified Pth enzymes are known to have significant differences 

in terms of their structure. Members of the first class (Pth1) are usually bigger (~190 aa), 

while the proteins from the second class (Pth2) are on average smaller (~120 aa). While 

Pth1 enzymes are monomeric, at least some of the Pth2 proteins act as homodimers (87). 

Overall the Pth2 hydrolases seem to be more compact than the Pth1 ones. Both classes 

display α/β fold. The Pth1 fold consists of six α-helices and seven β-strands, while the 

smaller Pth2 has four α-helices and four β-strands (93, 94). The active site of Pth1 

enzymes is believed to consist of histidine in α1 helix, aspartic acid in the loop between 

β5 - β6 strands and asparagine in α3 helix. At the same time the suggested catalytic site 

of Pth2 class consists of lysine in α1 helix and aspartic acid and threonine, both of them 
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in the loop between β3 – β4 strands. Two substrate recognition sites have been found in 

the Pth1 structure. They can bind the 5’ and 3’ ends of the tRNA respectively. The first 

one consists of conserved lysine and arginine residues in β6 and β7 strands, while the 

second one is a cluster of asparagine residues localized mostly in the loop regions. The 

alignment of Pth2 sequences does not reveal similar conserved elements. Despite both 

being involved in the same highly essential process, and their ubiquity among living 

organisms, both Pth classes have a distinct features. 

 

Temperature-sensitive enzymes and psychrophiles.  

 In order to obtain alleles of essential genes that can be efficiently inactivated at 

elevated temperatures we decided to utilize the sequences found in the genomes of 

psychrophilic bacteria. The advantage of this approach is the possibility of generating a 

large number of unique alleles that have been adapting to low-temperature conditions for 

millions of years. Because of the cold adaptation the psychrophilic bacteria exhibit 

unique growth preferences as well as mechanisms allowing them to cope with their harsh 

habitat. Another advantage of using psychrophiles is the fact that they can be easily 

isolated from environments that constantly or periodically are exposed to cold (95, 96). 

On the other hand, the creation of temperature sensitive strains requires placing a 

heterologous gene in the mesophilic host. Therefore it is important to understand the 

genetic context from which this allele originates to ensure its proper expression. 
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Psychrophilic organisms 

Psychrophiles are a specific environmental group of organisms that have adapted 

to grow at low temperatures. For that reason they are called cold-loving, or psychrophilic. 

The growth temperature of these organisms is usually in a range of approximately -20⁰C 

to 20⁰C. The bacteria capable of growing at the lowest temperature that would still allow 

their survival have been found in permafrost soil and sea ice. This kind of specific 

environmental adaptation can be found among various life forms, including bacteria, 

fungi and algae. However the greatest number of psychrophiles has been characterized in 

the domain of bacteria. Some of the well-known groups of psychrophilic bacteria include 

the genera Shewanella, Pseudoalteromonas, Collwelia and Psychrobacter. 

Psychrophilic bacteria are represented by a diverse set of species. The most 

commonly found in low-temperature environment bacteria are gram negative, 

predominantly Proteobacteria (Alpha-, Beta- and Gammaproteobacteria), as well as 

members of Bacteroidetes (Cytophaga, Flavobacterium and Bacteriodes) phylum (96). 

The members of Proteobacteria group have been mostly found in deep waters, while 

Bacteroidetes seem to dominate in surface waters and sediments. The recognized 

psychrophilic Gram positive bacteria are mostly coryneforms, Arthrobacter sp. and 

Micrococcus sp. members (97). Other noteworthy groups are the various psychrophilic 

cyanobacteria – Oscillatoria sp., Phormidium sp. and Nostoc sp (98). Psychrophilic 

microorganisms are represented by a variety of different groups of bacteria, which most 

likely cause a significant diversity of their specific features. 
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Psychrophilic adaptation 

The psychrophilic prokaryotes have a number of specific traits that allow them to 

succeed in their specific environment. This includes synthesis of cryoprotecting agents, 

antifreeze proteins, more labile membranes and altered amino acid composition of their 

proteins (99–101). Combination of these features helps them to avoid lethal damage to 

the cell or inactivation of essential metabolic functions that would be normally caused by 

a low temperature encountered in their habitats. 

The antifreeze proteins can bind to growing ice particles and slow the formation 

of crystal. This creates a phenomenon known as thermal hysteresis – situation when 

physical property of body depends not only on its current temperature but also on the 

previous observed temperature. In the case of antifreeze proteins it means that the 

freezing point of water is several degrees lower (102). This sort of cryoprotecting agents 

can be found in various different groups of organisms, from bacteria to vertebrates. 

Specific antifreeze proteins offer varying level of protection. Production of specific 

saccharides is an alternative way of protecting the intracellular environment from effects 

of low temperature (103, 104). Specifically high level of polysaccharides has been 

detected in some of the Antarctic marine bacteria, which could act as a possible low-

temperature adaptation (104).  

The cellular membranes of psychrophilic bacteria are characterized by a distinct 

composition of fatty acids. It has a higher content of unsaturated, polyunsaturated and 

methyl-branched fatty acids. It also possesses cis-isomeric acids, rather than trans-

isomeric ones. Additionally the fatty acid chains tend to be shorter in the membranes of 

psychrophiles (97). This allows membrane to keep its fluidity even at low temperatures. 
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Otherwise the low permeability would hinder the transport of nutrients inside the cell. 

Another strategy developed by these organisms is the synthesis of carotenoid pigments 

and wax esters which help maintaining proper homeoviscosity (105). Some of these 

components can make up a significant part of the whole cell membrane. 

The enzymes of psychrophilic bacteria are adapted to remain functional despite 

the decreased processivity at low temperatures. Because of the low temperatures 

chemical reactions occur at a slower pace. This can have a highly negative effect on the 

metabolism where multiple reactions occur at the same time and the ratio of reaction 

velocities between linked processes is essential. To counter that the psychrophiles utilize 

enzymes characterized by a less rigid conformation. With their structure being more 

flexible, they can efficiently catalyze their specific reactions. In return, however, they 

have become more unstable and heat labile. This suggests that while they can perform 

superbly at low temperatures, their activity at elevated temperatures would drastically 

drop (106). 

 

Psychrophilic enzymes 

Several characterized psychrophilic enzymes have been found to be temperature-

sensitive (Fig. 3). This temperature-sensitive phenotype can be very useful for research. 

Possibility of inactivating specific proteins within the cell allows detailed investigation of 

its function. This is especially true for essential genes, which cannot be deleted without 

killing the organism. For a long time the temperature-sensitive mutants were obtained 

with mutagenesis, utilizing UV radiation and chemical agents (107–109). Instead of 

introducing cold-adapted variants of particular protein it relayed on randomly altering the 
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sequence of gene encoding it, in hope that the changed alleles would be less stable. 

Multiple such mutants have been characterized among eukaryotes, bacteria and 

viruses/phages. However this type of mutation is not easy to find, which limits the 

number of known temperature-sensitive alleles. Additionally, since most of them possess 

only a few mutations at most the chance for a mutation reversing the effect is quite high. 

Another significant downside of mutants obtained in such a manner is the fact that often 

they are characterized by an overall decrease in enzymatic activity at all temperatures. 

Psychrophilic enzymes, on the other hand, have evolved to display high efficiency at 

lower temperatures and should not suffer from inhibition under the permissive conditions.  
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Figure 3 Properties of enzymes from different tropic groups of microorganisms. 

(Upper panels) Measured sensitivity to temperature (left) and chemical agents (right) of 

psychrophilic (blue), mesophilic (black) and thermophilic (red) homologues of 

α-amylases. Data was obtained by fluorescence spectroscopy.  

(Lower panels) Different enzymatic activity of psychrophilic (blue), mesophilic (black) 

and thermophilic (red) xylanases (left) and oxidases (right) across temperature spectrum. 

The maximum activity of cold-adapted enzymes is usually shifted towards lower values. 

Figures were modified from manuscript by Georges Feller (101). 
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Psychrophilic genomes 

 Psychrophilic bacteria have a few unique features of their genomes that 

distinguish them from other environmental groups of organisms. Among those elements 

are low GC content of their sequences, preferences for specific amino acids in the coding 

regions, multiple copies of tRNA genes and greater variety of encoded chaperon proteins 

(110). It is disputable if all of these factors are directly involved in adapting to cold 

environment. Additionally they are not strictly present among all of the cold adapted 

organisms (111). However these traits are commonly associated with the psychrophilic 

bacteria. 

 It is often recognized that psychrophilic bacteria have significantly lower than 

average GC content of their genome (112). One of the explanations for such state is the 

necessity to have less hydrogen bond in the DNA sequence. The adenine-thymine pair 

forms only two hydrogen bonds, while the guanine-cytosine pair has three hydrogen 

bonds. The weaker bonding of nucleotides would facilitate melting of double stranded 

DNA, which is necessary for many essential processes e.g. transcription and replication. 

Since psychrophiles live at lower temperatures it would make the strands of DNA less 

likely to dissociate. Therefore the number of GC bonds in psychrophilic genome is lesser 

than that in the genome of mesophilic organism. This idea is linked to the observation 

that genomes of thermophilic and hyperthermophilic bacteria tend to have higher GC 

content then the mesophiles. This would increase the stability of dsDNA at higher 

temperatures and prevent unwanted melting of double stranded structure.  
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Allele exchange 

 

Overview 

 Allelic exchange is a method of swapping one form of a gene for another within 

the genome of a selected organism. This way it is possible to evaluate how changes in 

single coding sequence can affect the phenotype and molecular processes of the host. 

Specifically it could be used to search for an allele with certain properties from a pool of 

variable clones. This can be particularly interesting when looking for temperature 

sensitive genes or trying to exchange conserved genes between distantly related 

organisms. The known methods of allele exchange include swapping allele in its original 

locus through homologous recombination or replacing the original copy by one provided 

in trans on an autonomous vector. 

 

BAC vectors and plasmid shuffling 

 Bacterial artificial chromosomes (BACs) are a specific class of vectors known for 

their stability and capability of supporting large DNA sequences. Such vectors are based 

on minimal forms of very specific plasmids such as F or P1 (113, 114). The unique 

aspects of these plasmids are low copy number (1-2 copies per cell) and presence of 

multiple plasmid maintenance systems. The low number of plasmid copies is maintained 

through a complex replication system involving iteron sequences (115). This system 

helps plasmid to stably replicate even when carrying a large genetic load, which has been 

used in molecular biology. Because of the low copy number plasmids cannot rely on 

random diffusion to both daughter cells during the division like some of the high copy 
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plasmids e.g. ColE1. Without a way to ensure stable transmission from generation to 

generation the plasmids would quickly be diluted in population. Therefore they utilize a 

mechanism that ensures a placement of at least one copy of plasmid in each cell. This 

crucial element was named partitioning system. It consists of two protein encoding genes 

(e.g. parA and parB on P1 plasmid) and a centromere-like sequence. During cell division 

the two proteins form a polymeric structure that interacts with the centromeric region on 

the plasmids. The polymer forms a pair of the plasmids and then places each individual 

plasmid molecule at one of the cell poles. Due to this process when the dividing cell 

separates, each offspring cell is ensured to have one copy of the plasmid (116). These 

systems have proven to be extremely efficient and allow stable propagation of plasmids 

for many generations even without any selective pressure. Usually replication system and 

partitioning system are placed together on synthetic vectors to ensure proper regulation of 

replication and stable maintenance. 

 Both replication and partitioning systems are strong incompatibility factors for the 

BAC vectors. Plasmid incompatibility is a phenomenon observed among closely related 

plasmids that share highly similar elements controlling their propagation. If two plasmids 

are incompatible they cannot be stably maintained in one strain without strong selective 

pressure. Without that the population splits into two strains each carrying one of the 

vectors. The molecular basis of incompatibility is caused by crosstalk between the 

plasmid systems of different vectors. Plasmids are often segregated into incompatibility 

groups, where plasmids that cannot be maintained together are placed in one group. 

There are approximately 30 groups of incompatibility among plasmids of gram negative 

bacteria and 7 groups among gram positive bacteria (117). For some of the low copy 
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plasmid types (e.g. F plasmid) the presence of incompatible vectors in one strain should 

cause separation into two kinds of clones after just a few generations.  

 Plasmid incompatibility can be used as a mean of exchanging one vector for 

another via plasmid shuffling. This process relies on two vectors with different selection 

markers but identical, and therefore incompatible, replication/partitioning systems. One 

vector is present in host strain and carries a specific gene of interest. Then the 

incompatible vector, with different allele, is introduced to the same host. Selection for 

clones carrying the introduced vector but not the old one can be made based on different 

selection cassettes. Low copy plasmids are ideal for this system since it is much easier for 

one of them to be lost. This method has been proposed as a way of analyzing sequences 

generated through PCR mutagenesis of essential genes (118). Similar solutions have been 

also applied to yeast genetics (119). 

 

Chromosomal recombination 

 Recombination between a heterologous fragment of DNA and chromosome 

allows for the changing of native sequences in situ. Thanks to this a selected fragment of 

a DNA sequence can be inserted or deleted. It is also possible to exchange a specific 

piece of sequence for a foreign one. This includes swapping different alleles of the same 

gene. The introduced fragment of DNA is placed in the context of host genome. 

Therefore the native sequences can influence the expression of new element. This means 

that a coding region could be placed directly under the control of promoter and other 

regulatory sequences specific for a certain gene. The homologous recombination gives a 
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possibility of introducing new genetic components that become incorporated into host 

regulatory network. 

 Sequence manipulation requires presence of either functional host recombination 

system or introduction of a foreign one. Most of organisms possess their own mechanism 

facilitating recombination of DNA fragments. It is easy to find organisms among both 

prokaryotes and eukaryotes that are known for their capabilities of incorporating foreign 

DNA via homologous recombination. Typical examples include Saccharomyces 

cerevisiae yeast as an example of eukaryotic recombination and Francisella novicida or 

Bacillus subtilis as prokaryotic examples. However some of the laboratory strains have 

been rendered recombination deficient to increase the stability of genetic constructs that 

they carry. Additionally some of the organisms, which are particularly interesting from 

the scientific point of view, e.g. Mycobacteria, are known for a high frequency of 

nonspecific illegitimate recombination (120). However there is a possibility of 

introducing a heterologous recombination system into a selected host, which should 

generate a high recombination potential. Such systems are usually expressed from 

plasmids under a control of inducible promoters. This means that their activity can be 

directly regulated and when they are no longer necessary curing host from the plasmid 

can render the host recombination inefficient. The lambda recombination system is a 

commonly used element of that type. It allows high efficiency recombination with linear 

DNA in E.coli and related organisms (121, 122). Similar system has been developed for 

Mycobacteria (123, 124). Major limitation of these elements is the fact that their activity 

is usually limited to a narrow range of hosts. Ultimately the choice between different 
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approaches to in vivo recombination depends on the type of host that is used in 

experiments. 

 System for selecting recombinants is usually necessary to screen for the desired 

clones. The selection is simplified if the integrated DNA fragment encodes elements that 

are necessary for survival under specific conditions e.g. genes for biosynthesis can be 

selected for on minimal media. Otherwise the introduced sequence has to be combined 

with the selective cassette. Usually this role is fulfilled by an antibiotic marker. In the 

case when excision of selected DNA region has to follow the integrative recombination, a 

counter-selective marker is also added. This cassette is usually a conditionally lethal gene 

that can be easily selected against. It ensures selection for clones that underwent deletion 

of the specific sequence. However the presence of this selective cassette can be an 

obstacle since it can affect the gene expression of flanking sequences. Recently there has 

been a substantial effort into developing recombination methods that allow selection 

without antibiotic marker cassettes (121). The recombination methods allow selection of 

clones that possess the modified sequence in their genome as they were designed. 
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Chapter 2 

Materials and methods 

 

Strains and growth conditions.   

Escherichia coli DH10B (Invitrogen) was used as the host for DNA manipulation 

experiments.  The different ligA alleles were tested for the phenotype that they confer in a 

Francisella novicida restriction negative strain (125).  To test the full length ligA-C1 

allele we used the S. enterica ser. Typhimurium strain LT2 TT18389 (126) (gift from 

John Roth) as the host for recombinant ligA-C1 carried by a chloramphenicol resistant  

plasmid pBC SK+ (Agilent Technologies); the TT18389 strain has a chromosomal ligA 

partial deletion.  The Saccharomyces cerevisiae YBS∆L1 strain with a deleted CDC9 

gene, as well as plasmids expressing CDC9 were the kind gift of Dr. Steward Shuman 

(127).   

 The ligA alleles C2, P6 and S1 and the corresponding F. novicida strains carrying 

these alleles have been described previously (31), and were isolated from the ocean 

psychrophilic strains Colwellia psychrerythraea 34H (“C2”), Pseudoalteromonas 

haloplanktis TAC125 (“P6”), and our isolate of Shewanella frigidimarina (“S1”)(31). 

The other ligA alleles were isolated from ocean waters collected at the following GPS 

coordinates: C1, 82.32.04N, 62.45.86W; P3, 82°32N, 62°46.4W; S2, 48°20.26N, 

123°36.24W; S3, 45°55,24’N, 129°59,48W; P4, 35°52.16 N, 114°39.73W; P5, 82°32N, 

62°46.43W; P7, 64°47.9N, 168° 36W; S4, 48°20.26N, 123°36.24W. P1 and P2 were 

collected from the North Pacific Ocean at an unknown location (Fig. 4). The known 
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maximal growth temperatures for the psychrophiles that served as the source of the ligA 

alleles are C1 (12.5°C); C2 (18°C); P4/P5 (~30°C); P6 (18°C); S1 (27°C); S2 (22°C); S4 

(24°C);  

 E. coli recombinants were grown at 37°C in Luria broth (128) supplemented with 

chloramphenicol (10 µg/ml), kanamycin (50 µg/ml) or tetracycline (10 µg/ml) as needed. 

F. novicida strains were grown in tryptic soy broth supplemented with 0.1% (w/v) L-

cysteine (TSBC) and kanamycin (15 µg/ml) or sucrose (10% w/v) as needed.  F. novicida 

strains harboring psychrophilic alleles were routinely grown at 30°C. Saccharomyces 

cerevisiae VL648 and YBS∆L1 were grown in YPAD (129) medium at 30°C. For 

selection of recombinants S. cerevisiae strains were plated on synthetic complete drop out 

(-Ura) medium or synthetic complete drop out (-Trp) medium (129).   

  



 

 

51 

 

Figure 4 Locations where psychrophilic strains were isolated. 

Map of the Canadian Shield and surrounding regions. The markers point to the 

approximate locations where the strains of psychrophilic bacteria were isolated, (1) 

location where strains C1, P3 and P5 were isolated, (2) location where strains S2, S3, S4 

and P4 were isolated, (3) location where strain P7 was isolated. 
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Cloning and insertion of psychrophilic ligA alleles into the F. novicida 

chromosome. 

Partial genomic sequence was available for several unidentified psychrophilic bacteria, 

and this allowed the identification of some of the ligA alleles. For strains with no 

available genomic sequence data we assumed that many of our psychrophilic isolates 

were in the Colwellia, Pseudoalteromonas and Shewanella genera and we designed 

primers to amplify the ligA alleles from these bacteria. The PCR products of the 

appropriate size were partially sequenced to identify those that contained the ligA ORF.  

To prepare ligA alleles for insertion into F. novicida we needed to join them to DNA that 

corresponded to regions of the F. novicida chromosome that flank ligA.  Each ligA allele 

was amplified with primers that had overlapping regions to the F. novicida flanking 

regions, and PCR products corresponding to the ligA allele, the flanking regions, and a 

yeast cloning vector were seamlessly assembled using transformation assisted 

recombination in S. cerevisiae VL648 according to the procedure described by Geitz and 

Schiestl (130).  The vector used for this assembly was a derivative of pRS426 (131) that 

had the ampicillin marker replaced with genes encoding kanamycin resistance and 

sensitivity to sucrose (sacB). This plasmid can replicate in S. cerevisiae and E. coli but 

not in F. novicida (Fig. 5). 

 Once the ligA alleles were joined to the F. novicida flanking regions and sequence 

verified, the recombinant plasmids were amplified in E. coli, isolated, and used to 

transform chemically competent F. novicida (132). The exchange of the psychrophilic 

ligA for the F. novicida homologue was accomplished via a Campbell-like integration 

followed by excision as previously described (31).  In essence the transformation step 
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was used to select for the integration of the plasmid; after co-integrants were identified 

the merodiploids were cultured in the presence of 10% sucrose and plated on agar 

medium with sucrose (see schematic in Fig. 6).  Colonies were screened for sensitivity to 

Km and temperature-sensitivity.  The region including approximately 0.5 kb upstream 

and downstream to the substituted ligA allele was PCR amplified and sequenced.   

Cloning and insertion of other psychrophilic alleles into the F. novicida 

chromosome. 

Alleles of hemC, fmt and tyrS genes were identified in partial genomic sequences of 

psychrophilic bacteria. Individual sequences were PCR amplified and assembled with 

respective flanking regions from the genome of F. novicida in the same manner as it was 

done for the alleles of DNA ligase. In order to facilitate allele exchange in the host 

chromosome the same vector pRS426KmSacB was used. Selection on kanamycin 

followed by counter-selection with 10% sucrose helped with discovering clones 

characterized by a temperature sensitive phenotype. 
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Figure 5 Map of vector pRS426KmSacB 

Modified S. cerevisiae shuttle plasmid pRS426 designed for integration-excision 

experiments in F. novicida.  The pRS426KmSacB plasmid was used to assemble DNA 

fragments in S. cerevisiae.  When transformed into F. novicida the kanamycin resistant 

marker was used for selection of integration of the plasmid.  The sacB cassette was 

subsequently used for counter-selection when enriching for excision events. 
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Figure 6 Creation of constructs with psychrophilic alleles. 

Transformation assisted recombination-based assembly (step 1) of psychrophilic ligA 

with F. novicida flanking regions in Saccharomyces cerevisiae, and integration-excision 

based gene replacement in F. novicida (steps 3 and 4). 

  



 

 

56 

Determination of restrictive temperatures of F. novicida-TS strains.   

We defined the restrictive temperature as the lowest temperature that failed to support the 

formation of isolated colonies on agar medium.  To determine this temperature we spread 

(“streaked”) each culture on agar plates, which were buried in aluminum beads in order 

to buffer the temperature fluctuations of the incubator.  The variation of the temperature 

of the beads was monitored with a Fluke 53II thermometer which is accurate to 0.2°C.  

Even with all of our efforts to control the temperature of the petri plates, our stated 

restrictive temperatures should be considered accurate to about ±0.5°C. 

Reversion frequency determination.  

TS F. novicida strains were grown in TSBC at 30°C until the A600 was greater than 2.  

The cultures were plated without dilution on agar medium which was incubated for 48h 

at temperature 3°C above the restrictive temperature of the strain being studied.  In 

parallel the culture was diluted to determine the number of CFU of the culture at its 

permissive temperature.  The reversion frequency was calculated from the number of 

colonies that appeared at the restrictive temperature divided by the number of CFU in the 

cultures.  These determinations were done at least three times with independent cultures. 

Temperature shift experiments.  

F. novicida strains were grown at 25°C in TSBC overnight, diluted 1:50 (4 μL in 196µl 

of medium) and inoculated in quadruplicate into 96-well plates. A BioTek ELx808IU™ 

microplate reader was used to incubate and agitate the plates at different temperatures, 

and automatically record changes in the optical density. Cultures were initially incubated 

at 26°C for 2 h after which the temperature was raised to a target restrictive temperature. 
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Yeast growth experiments. 

The yeast strains carrying different alleles of DNA ligase (CDC9, P2, P7, F. novicida) 

were grown in synthetic complete drop out (-Trp) medium overnight. Cultures were then 

diluted in fresh medium in order to generate an A600 of 0.2, and incubated with shaking at 

selected temperatures for 12 hours.  Every 2 hours the A600 of the cultures was measured. 

Each time the cultures were diluted to an A600 value 0.2 – 0.8 for accurate measurements 

and the culture density was calculated based on the dilution factor. For each strain three 

independent cultures were analyzed at each temperature. 

Colwellia sp. C1 DNA sequencing.  

The Colwellia sp. C1 genomic DNA was isolated using Qiagen’s Spin Columns and 

Genomic DNA Buffer Set. We have prepared sample at a concentration of 100ng/µl. The 

quality of sample was confirmed on agarose gel and with Qubit DNA Assay Kit. The 

sequencing has been performed using MiSeq sequencer at Illumina. Obtained fragments 

were assembled into contigs using ABySS 1.3.1. software.  

Colwellia sp. C1 sequence annotation and submission.  

The obtained Colwellia sp. C1 readings were annotated using Rapid Annotation of 

microbial genomes using Subsystems Technology (RAST) method (133). The sequences 

have been submitted to GenBank with the accession numbers KT428294 and KT428295. 

GenBank Accession numbers.   

The sequences of the psychrophilic ligA alleles as they exist in the F. novicida 

chromosome have been submitted to GenBank with the accession numbers C1 

[KR154478]; C2 [HM003389]; P1 [KR154476]; P2 [KR154477]; P3 [KR154481]; P4 
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[KR154482]; P5 [KR154483]; P6 [HM003396]; P7 [KR154484]; S1 [HM003397]; S2 

[KR154479]; S3 [KR154480]; S4 [KR006256]; S5 [KR864903].  The C1 gene formed a 

hybrid when inserted into the F. novicida chromosome, thus the native C1 complete 

allele was submitted separately and assigned [KR818907]. 

Generation of E. coli ∆pth strain. 

The pth gene deletion was performed in E. coli strain GB05. Deletion cassette consists of 

chloramphenicol cassette amplified form vector pBC SK+ and 500bp region upstream 

and downstream of the target gene. Fragments were cloned in pBluescript vector using 

Gibson assembly. Amplified linear cassette was transformed into competent E. coli cells 

that were expressing λ recombination proteins for recombination. The recombination 

strain carried a vector expressing functional pth allele to complement the chromosomal 

deletion. 

Assembly of vector shuffling system. 

Both vectors for the shuffling system were based on pBeloBAC11 plasmid (New England 

Biolabs). We created two alternative forms of this construct, with different antibiotic 

markers, one with kanamycin cassette – pBACK, and one with tetracycline cassette – 

pBACT. The vectors were made by PCR amplifying the whole plasmid with the 

exception of its native chloramphenicol resistance cassette. We also amplified Tet 

resistance marker from plasmid pJB86 and Km resistance marker from plasmid pMP814. 

The primers used for the marker amplification has an overhang regions homologous to 

the ends of pBeloBAC11 backbone. The fragments were cloned using method of Gibson 

Assembly (134).  
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Cloning the pth sequence into pBeloBAC11 derived vectors. 

We have PCR amplified the pBACT and pBACK vectors using primers binding close to 

the MCS region. The cassette containing the pth coding sequence from Salmonella 

enterica under the control of lac promoter was amplified with primers containing regions 

of homology to the vectors. The fragments were put together using Gibson Assembly 

(134). The correct constructs were confirmed by PCR with primers flanking the cloning 

site. 

Primers.   

Oligonucleotide primers used in this work are described in the table below. 

  



 

 

60 

Table 2 Primers used in this study. 

Name Sequence Role 

  
 

  

Primers used to generate pRS426KmSacB integration vector 

    
KmSacAMPF TTCAAATATGTATCCGCTCATGAGATCGTGAAGAA 

GGTGTTGCTGACTCATACCAGG 
forward primer for 
amplification of KmSac 
cassette 

 
 
KmSacAMPR 

 
 
AAAGGATCTTCACCTAGATCCTTTTAATACTTGAAA 
AGATTATAAATATGCCCATCTAGTAAGTAGTC 

 
 
reverse primer for 
amplification of KmSac 
cassette 

  
 

  

primers used to create allele exchange constructs for Francisella novicida 

     
pRS426RevF TCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTG forward primer for 

pRS426 amplification 
 

pRS426RevR 
 
AGTGAGTCGTATTACGCGCGCTCACTG 

 
reverse primer for 
pRS426 amplification 

 
U112ligAFR1 

 
TGGAGTCATTAAAGAATATTTTTAAATAATTATTT 
TG 

 
reverse primer for 
upstream ligA flank 
amplification 

 
U112ligAFF1 

 
GTGAGCGCGCGTAATACGACTCACTCTCGAGACTA 
TCGCCAACGAGGATAC 

 
forward primer for 
upstream ligA flank 
amplification 

 
U112ligAFF2 

 
TGAATATCAATAACTTAAAAAAGGGCGATGTAG 

 
forward primer for 
downstream ligA flank 
amplification 

 
U112ligAFR2 

 
CTCACTAAAGGGAACAAAAGCTGGACTCGAGATCC 
CGACATCAAAGTACTAAGAAC 

 
reverse primer for 
downstream ligA flank 
amplification 

 
ligAC1F 

 
TTAAAAATATTCTTTAATGACTCCAGCCTCATCAA 
TAAGCGCTTTACAAG 

 
forward primer for  ligA 
allele C1 amplification 

 
ligAC1R 

 
CCCTTTTTTAAGTTATTGATATTCAGTTATATTTT 
TCCAATAAAGCAACTAAGTCATCTTC 

 
reverse primer for  ligA 
allele C1 amplification 

 
ligAS2F 

 
TTAAAAATATTCTTTAATGACTCCAATTGAACTTG 
AAATTACTGAACTCAAAAATGAACTTAAC 

 
forward primer for  ligA 
allele S2 amplification 

 
ligAS2R 

 
CCCTTTTTTAAGTTATTGATATTCATGACAAAATG 
GCAATCAAGCCCTCTTC 

 
reverse primer for  ligA 
allele S2 amplification 
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ligAS3F TTAAAAATATTCTTTAATGACTCCAATTCAAACTG 
AAATGGATCAACTTACTCACACCATTAATC 

forward primer for  ligA 
allele S3 amplification 

 
ligAS3R 

 
CCCTTTTTTAAGTTATTGATATTCAGTTAGCCGCA 
TTCAATAGATCCATCAG 

 
reverse primer for  ligA 
allele S3 amplification 

 
ligAS4F 

 
TTAAAAATATTCTTTAATGACTCCAATAGAAGAGA 
TCAAACAACTAACCGACATAC 

 
forward primer for  ligA 
allele S4 amplification 

 
ligAS4R 

 
CCCTTTTTTAAGTTATTGATATTCATTCTGAAGCT 
GAAAGTAGTTGTAAC 

 
reverse primer for  ligA 
allele S4 amplification 

 
ligAP1F 

 
GCAAATTAATCATCTTCGTACTACATTAGAGCAGC 
ACAATTACAATTATTATG 

 
forward primer for  ligA 
alleles P1 and P2 
amplification 

 
ligAP1R 

 
CCGTGAGTATGTCGATACCTAAATCTTGAGCCTTT 
GTGAGTTTAG 

 
reverse primer for  ligA 
alleles P1 and P2 
amplification 

 
ligAP3F 

 
TTAAAAATATTCTTTAATGACTCCAAGCATTAGTG 
AGCAAATTAATTATCTTCGTACTAC 

 
forward primer for  ligA 
allele P3 amplification 

 
ligAP3R 

 
CCCTTTTTTAAGTTATTGATATTCAACCATTATGC 
TTTTGAAGCAGCTTAATTAAC 

 
reverse primer for  ligA 
allele P3 amplification 

 
ligAP4F 

 
TTAAAAATATTCTTTAATGACTCCAAGCATTAGTG 
AGCAAATTAATCATTTTC 

 
forward primer for  ligA 
allele P4 amplification 

 
ligAP4R 

 
CCCTTTTTTAAGTTATTGATATTCAACCATTATGC 
TTTTGAAGCAGTTCTATTAATTC 

 
reverse primer for  ligA 
allele P4 amplification 

 
ligAP5F 

 
TAATGACTCCAAGCATTAGTGCAATTAATTATCTT 
CGTACTACATTAG 

 
forward primer for  ligA 
allele P5 amplification 

 
ligAP5R 

 
TTTTGAAGCAGCTCAATTAACTCATCTTCCGTGAG 
TATCTC 

 
reverse primer for  ligA 
allele P5 amplification 

 
ligAP7F 

 
TTAAAAATATTCTTTAATGACTCCAAGCATTAGTG 
AGCAAATTAATCATCTTCGTACTAC 

 
forward primer for  ligA 
allele P7 amplification 

 
ligAP7R 

 
CCCTTTTTTAAGTTATTGATATTCAACCATTATGC 
TTTTGAAGCAGCTCAATTAATTC 

 
reverse primer for  ligA 
allele P7 amplification 

 
ligARev1 

 
ACTAATGCTTGGAGTCATTAAAG 

 
flank amplification primer 
for ligA P5 allele 

 
ligARev2 

 
TTAATTGAGCTGCTTCAAAAG 

 
flank amplification primer 
for ligA  P5 allele 

 
ligARev3 

 
TGTAGTACGAAGATGATTAATTTGCTCACTAATG 

 
flank amplification primer 
for ligA P1 and P2 alleles 
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ligARev4 

 
GATTTAGGTATCGACATACTCACGGAAGATGAATT 
AATTG 

 
flank amplification primer 
for ligA P1 and P2 alleles 

 
hemCLFL-1 

 
GTGAGCGCGCGTAATACGACTCACTCTCGAGGTGT 
TGCAGTAGGACAGTTTTG 

 
forward primer for hemC 
flank amplification 

 
hemCLFR-1 

 
GACTAGCTATAGTTATTTGTTTCATATGGGGATGC 
AGATGCG 

 
reverse primer for hemC 
flank amplification 

 
hemCRFL-1 

 
TGCATATAAAATATTGGAGAGTTAAGGTATGATGG 
CTGCATTCTTG 

 
forward primer for hemC 
flank amplification 

 
hemCRFR-1 

 
CTCACTAAAGGGAACAAAAGCTGGACTCGAGACAG 
GAGCATTAGTTGGAGC 

 
reverse primer for hemC 
flank amplification 

 
U112tyrSFR1 

 
GCTCGACTTATATTTATAATATTAAAAATTTC 

 
reverse primer for 
upstream tyrS flank 
amplification 

 
U112tyrSFF1 

 
GTGAGCGCGCGTAATACGACTCACTGTCGACCTCA 
GTTACCATCCGGAAATATTTTAG 

 
forward primer for 
upstream tyrS flank 
amplification 

 
U112tyrSFF2 

 
ATAAAATAAGGGGTTGTAAGATGGATAAG 

 
forward primer for 
downstream tyrS flank 
amplification 

 
U112tyrSFR2 

 
CTCACTAAAGGGAACAAAAGCTGGACTCGAGTTG 
CATGATAACCATCCGGAAATATTTTAG 

 
forward primer for 
downstream tyrS flank 
amplification 

 
1011tyrSF 

 
TAATATTATAAATATAATGTCGAGCTTAGAGCAAG 
CATTAGCAGAAATTAAAC 

 
forward primer for tyrS 
allele amplification 

 
1011tyrSR 

 
TCCATCTTACAACCCCTTATTTTATGGTGATTTTAGC 
GAATTTACGCTTAC 

reverse primer for tyrS 
allele amplification 

 
U112fmtFR1 

 
TTTTTTCATTTACCTAATCTCTAAAAGCGTATCCACG 
TAATTG 

 
reverse primer for 
upstream fmt flank 
amplification 

 
U112fmtFF1 

 
ACGACGGCCAGTGAGCGCGCGTAATACGACTCACT 
GTCGACCAACCTTAACTACTTGAAATGGCAAGCTA 
ATT 

 
forward primer for 
upstream fmt flank 
amplification 

 
U112fmtFF2 

 
CTAGGATAAATAATGAAAGTTGGATTTATAATAG 

 
forward primer for 
downstream fmt flank 
amplification 

 
U112fmtFR2 

 
GCAATTAACCCTCACTAAAGGGAACAAAAGCTGGA 
CTCGAGGCTGCAACAAGAAACTCATC 

 
reverse primer for 
downstream fmt flank 
amplification 
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911fmtF 

 
TTTAGAGATTAGGTAAATGAAAAAATTAAACGTTA 
TTTTTGCTGGTACACCGGATTTTG 

 
forward primer for fmt 
allele amplification 

 
911fmtR 

 
ATCCAACTTTCATTATTTATCCTAGGCGTGTGCCA 
GGCGTAAACC 

 
reverse primer for fmt 
allele amplification 

primers used to clone the DNA ligase allele into yeast shuttle vector pYX132 

    

YXP2F AAAACACATACAGGAATTCAATGACTCCAAGCATT 
AGTGAGCAAATTAATC 

forward primer for ligA 
alleles P2 and P7 
amplification 

 
YXP2R 

 
GCGTAAGCTTGTGGGCCCTATCAACCATTATGCTT 
TTGAAGCAGCTCAATTAATTC 

 
reverse primer for ligA 
alleles P2 and P7 
amplification 

 
YXU112F 

 
AAAACACATACAGGAATTCAATGACTCCAAACGAA 
TTTTTTTCTATAAAATATC 

 
forward primer for 
Francisella ligA allele 
amplification 

 
YXU112R 

 
GCGTAAGCTTGTGGGCCCTATCATAATAAATCTTT 
CAGATTATCTTCAAGAATAAC 

 
reverse primer for 
Francisella ligA allele 
amplification 

 
YXcdc9F 

 
AAAACACATACAGGAATTCAATGCGCAGATTACTG 
ACCGGTTG 

 
forward primer for yeast 
CDC9 allele amplification 

 
YXcdc9R 

 
GCGTAAGCTTGTGGGCCCTACTAATTTTGCATGTG 
GGATTGGTTTTCATAC 

 
reverse primer for yeast 
CDC9 allele amplification 

    

primers used to amplify the Francisella novicida DNA ligase to complement the TS mutants 

    

ligAcomplF GCGAAATCCCGACATCAAAG forward primer 

 
ligAcomplR 

 
ACTATCGCCAACGAGGATAC 

 
reverse primer 

primers used to amplify the Francisella novicida hemC allele to complement the TS mutant 

 
hemC_recF 

 
TGGGTACATATCGCAGATCC 

 
forward primer 

 
hemC_recR 

 
CAGCACCAACTGCTGTAAAG   

 
reverse primer 

Primers used to create BAC constructs for allele exchange 

 
pBelo_backF 

 
CCAGCTGAACGGTCTGGTTATAGG 

 
forward primer for 
pBeloBAC11 backbone 
amplification 

 
pBelo_backR 

 
TGCCCTTAAACGCCTGGTTG 

 
reverse primer for 
pBeloBAC11 backbone 
amplification 
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The underlined region represents the 5’ overhang sequence. 

  

tet_BAC_F ACCTATAACCAGACCGTTCAGCTGGCATAATATGT 
CCACCAACTTATC 

forward primer for 
tetracycline cassette 
amplification 

 
tet_BAC_R 

 
CGTAGCAACCAGGCGTTTAAGGGCATGCCGGGAAG 
CTAGAGTAAG 

 
reverse primer for 
tetracycline cassette 
amplification 

 
km_BAC_F 

 
CGTAGCAACCAGGCGTTTAAGGGCAAACAAATAAA 
AACGCAAAAGAAAATG 

 
forward primer for 
kanamycin cassette 
amplification 

 
km_BAC_R 

 
ACCTATAACCAGACCGTTCAGCTGGTGCAAGAGCT 
TGGAACTTTG 

 
reverse primer for 
kanamycin cassette 
amplification 

 
pthF 

 
CAGTGAGCGCAACGCAATTACAGGTTTCCCGACTG 
GAAAG 

 
forward primer for pth 
gene amplification 

 
pthR 

 
CGATTAAGTTGGGTAACGCCTCATCGCAGTCGGCC 
TATTG 

 
reverse primer for pth 
gene amplification 

 
BAC-F 

 
TAATTGCGTTGCGCTCACTG 

 
forward primer for 
reverse amplification of 
pBACK and pBACT 

 
BAC-R 

 
GGCGTTACCCAACTTAATCG 

 
reverse primer for 
reverse amplification of 
pBACK and pBACT 
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Chapter 3 

Collection of temperature-sensitive alleles of DNA ligase 

 

The temperature sensitive strain of Salmonella enterica described in this chapter has been 

generated by Stephanie Puckett.  

Introduction 

One aspect of synthetic biology is the development of genetic elements that can be used 

for genome engineering (5). These elements include promoters (6, 7), transcriptional 

enhancers (135), transcriptional stop elements (8), riboswitches (136) or site-specific 

recombinases (137). Some include reporter genes that encode fluorescent proteins, 

pigments or odors (10). Others (28, 30) have proposed that essential genes could be a 

useful class of genetic elements that might be widely used to engineer the limits of 

viability of a variety of microbes under a specified restrictive condition, such as high 

temperature.  One application of temperature restriction of growth could be in creating 

bacterial pathogens that are wild type in every trait except for growth above a defined 

temperature, such as 35°C. Such pathogens could be used in research, teaching and 

diagnostic antigen preparation with minimal chance of causing invasive disease in 

humans. Another application is in creating attenuated vaccines, where temperature-

sensitivity is already a well-established approach for attenuation. 

 Essential genes are defined as those that are required for the viability of an 

organism under all growth conditions (35, 36, 138). Biologists try to determine an 

organism’s complement of essential genes for the inherent interest in knowing which 
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minimal set of genes are needed for the functioning of a cell, or for the practical goal of 

knowing which gene products are good targets for lethal chemicals, such as antibiotics. 

 Because essential genes are required for growth it is difficult to prove any one 

gene is essential, since proof of essentiality requires establishing the impossibility of 

deleting a particular gene. High throughput approaches, such as saturation mutagenesis 

(41, 42) have eased the task of identifying essential genes: those genes that fail to tolerate 

an insertion are suspected of being essential. As well, comparative genomics help identify 

highly conserved essential genes through their evolutionary retention index (ERI) (77, 

139). Finding that a gene is present in all bacteria (ERI of 1), or in a large proportion of 

bacteria, is considered evidence that a gene is essential. Using this approach biologists 

have identified about 600 genes with high ERI values that are good candidates for 

essential genes (77). Further experiments with single open reading frame (ORF) deletions 

have refined this to 300 putative essential genes (35, 36). These genes are thought to be 

essential in nearly all bacteria.   

 One of the essential genes found in every living organism is ligA, which encodes 

DNA ligase (60, 140).  This enzyme is responsible for catalyzing the formation of a 

phosphodiester bond between the 5' phosphate of one nucleotide and the 3' hydroxyl 

group of another in the backbone of a DNA strand.  The loss of DNA ligase function 

causes quick formation of double strand breaks in the DNA structure, followed by 

exonucleolytic degradation of the fragmented DNA (58).  For this reason DNA ligase has 

a crucial role in DNA replication, recombination and repair.  

 There are two general classes of DNA ligases, the ATP-dependent and the NAD-

dependent enzymes (59, 60).  The ATP-dependent ligases are a more diverse group that 
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usually are the essential ligases of Eukarya and Archea.  They are also commonly found 

in the genomes of viruses and bacteriophages. On the other hand the NAD-dependent 

ligases are much more conserved, and are almost uniquely found among Bacteria.  

Usually a bacterial species possesses a single NAD-dependent DNA ligase, but some 

bacteria also have ATP-dependent ligases (62). However these are considered to be non-

essential, since experiments have shown that the native bacterial ATP-dependent ligases 

cannot substitute for the loss of the NAD-dependent ligase (62, 63).  

 The complex eukaryotic cell requires several specialized types of DNA ligases 

(65). Of these the ATP-dependant DNA ligase I is the one that has a role most similar to 

NAD-dependant ligase in bacteria.  It is conserved in all eukaryotes and is involved in 

nuclear DNA replication, repair and recombination.  In Saccharomyces cerevisiae and 

other simple eukaryotes DNA ligase I is also involved in mitochondrial DNA replication 

and repair.  In vertebrates, DNA ligase III aids in nuclear DNA repair but has its primary 

function in the mitochondria.  The enzyme, DNA ligase IV, is conserved among all 

eukaryotes and plays a role in nuclear DNA repair.  Because of these specialized roles 

ATP-dependant ligases are more diverse than NAD-dependent ligases. 

 The enzymes found in psychrophilic (cold-loving) bacteria have adapted to 

function at cold temperatures, and one consequence of this adaptation is that many 

psychrophilic enzymes are more heat-labile than their mesophilic counterparts (141).  

Predictably, this cold adaptation and heat lability properties extend to essential proteins.  

In our previous work we have found that psychrophilic forms of DNA ligase are 

inactivated in a temperature range appropriate for engineering mesophilic bacterial to 

temperature-sensitive (TS) forms that can be used for bio-containment or live vaccines 
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(31). In this work new psychrophilic alleles of ligA were discovered and shown to impart 

a range of TS-phenotypes in bacteria. Two alleles encoding NAD-dependent DNA ligase 

were also proven to confer temperature sensitivity in yeast. 

Results and discussion 

 

Isolation of ligA alleles from psychrophilic bacteria.   

 We created several DNA constructs designed to replace the native DNA ligase in 

the chromosome of the mesophilic bacterium Francisella novicida with ligA alleles from 

psychrophilic bacteria. We had previously observed that F. novicida is a good host for the 

expression of psychrophilic alleles, and this is likely due to its low G+C content (33%) 

which is close to the G+C content of chromosomes of the psychrophilic organisms that 

served as the source of the ligA alleles (31). All of our ligA gene substitutions were 

designed to use the native F. novicida promoter and ribosome binding site (Fig. 7).  To 

minimize a change of the mRNA structure in the region of the RBS while substituting the 

maximal amount of the psychrophile-derived ligA gene we utilized the first three codons 

of the F. novicida ligA ORF in place of the codons from the psychrophile-derived ligA 

gene.   
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Figure 7 Structure of typical psychrophilic gene substitution into the F. novicida 

chromosome. 

Example here shows the P1 ligA allele.  Lower case letters represent F. novicida DNA 

sequence, and upper case letters represent psychrophilic ligA gene sequence.  The start 

and stop codons are shown in bold letters.  The putative ribosome binding site is 

underlined. Numbers indicate codon position in the ligA ORF. 
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 All of the ligA alleles derived from the genera Colwellia, Pseudoalteromonas or 

Shewanella functioned in F. novicida, and their substitutions for the native ligA gene 

resulted in temperature-sensitive (TS) F. novicida strains with restrictive temperatures 

ranging from around 33 to 39°C (Table 3 and Fig. 8). When we subjected the ligA region 

to sequence analysis we found that all but one of the strains (see discussion of C1-ligA 

allele below) incorporated the complete psychrophile-derived allele, including the 

intentionally altered first three codons.  In addition, to rule out the possibility that the TS 

phenotype was due to a misfolded psychrophilic DNA ligase interfering with the native 

enzyme expressed from a cryptic chromosomal location, we reintroduced the F. novicida 

ligA gene to form merodiploids of strains P1, P2, C1, S2, S3, P3, P4, P5, P7 and S4 that 

harbored both the native and psychrophilic ligA genes. In all cases the merodiploids grew 

well above the restrictive temperature of the cognate TS strain; figure 9 shows these 

results for three merodiploids. 
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Table 3 Bacterial origin of psychrophilic ligA alleles, restrictive temperature and 

reversion frequencies in F. novicida strains harboring these alleles. 

Allele Origin Restrictive 
Temperature 

Reversion 
Frequency 

P1 Pseudoalteromonas sp. 33.0°C 1.8 x 10-8 

P2 Pseudoalteromonas sp. 33.0°C 4.1 x 10-9 

C1¥ Colwellia sp. 33.0°C 4.0 x 10-8 

S1 Shewanella frigidimarina  33.0°C 4.0 x 10−6 

S2 Shewanella sp. 33.0°C 3.7 x 10-8 

S3 Shewanella sp. 33.5°C 2.8 x 10-4 

P3 Pseudoalteromonas sp. 34.5°C 6.7 x 10−9 

C2 Collwelia psychrerythraea 34H 35.0°C <1.2 x 10−10 

P4 Pseudoalteromonas sp. 35.0°C <4.2 x 10-10 

P5 Pseudoalteromonas sp. 36.0°C <2.3 x 10-7 

P6 Pseudoalteromonas haloplanktis TAC125 37.0°C <1.5 x 10−10 

P7 Pseudoalteromonas sp. 38.0°C <3.0 x 10−10 

S4 Shewanella sp. 38.5°C 6.8 x 10−10 

S5 Shewanella oneidensis MR1 >44.0°C ND 

*All of these ligA alleles were PCR amplified from chromosomal DNA, except the P6 

allele, which was made synthetically as a codon-optimized version suitable for expression 

in F. novicida. 

¥
When the full C1 allele supported the growth of a S. enterica ΔligA strain, the restrictive 

temperature was 27°C and the reversion frequency was 1.5 X 10
-8

/cell.  
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Figure 8 Temperature sensitive phenotype of Francisella novicida 

Inability to form isolated colonies defines restrictive temperature of F. novicida-P2.  

Panel A, Inoculated agar plate incubated at the maximal permissive temperature of 

32.5°C.  Panel B, inoculated agar plate incubated at restrictive temperature of 33°C. 
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Figure 9 Phenotype of merodiploid strains 

The pRS426KmSac constructs with the following psychrophilic alleles of DNA ligase 

were used to transform mesophilic Francisella novicida: P1, P2, C1, S2, S3, P3, P4, P5, 

P7 and S4 (basically everything except the S1, C2 and P6). The recombination mutants 

were selected on kanamycin at 30⁰C. Then the isolated colonies were streaked on TSBC 

plates at 43⁰C, next to Francisella novicida strains with corresponding psychrophilic 

alleles (TS strains). As a control identical plates were grown at 30⁰C. Temperature 

sensitive strains were capable of growing only at 30⁰C, while the merodiploid strains 

could survive at both 30⁰C and 43⁰C.  

To confirm the presence of psychrophilic alleles in the merodiploid strains we 

have isolated genomic DNA from P2, P7, S3, P4, P3, C1, S4 merodiploids. We used it as 

a template for PCR with primers designed to bind inside the psychrophilic alleles. As a 

control we run PCR with the same primers against the genomic DNA of wild type 

Francisella novicida. We obtained the expected product from the genomic DNA of 

merodiploids but not from the wild type Francisella novicida. Additionally the PCR 

products obtained from merodiploid strains S3 and P4 were sequenced. The sequencing 

results confirmed the presence of introduced psychrophilic alleles.  
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 To test the possibility that the TS phenotype of the strains with ligA gene 

substitutions were due to mutations outside of the ligA alleles we returned the F. novicida 

ligA homologue to each of the TS strains.  The F. novicida strain used in these studies 

allows high level transformation with linear DNA destined for integration into the 

chromosome. We PCR-amplified the wild type F. novicida ligA allele along with 

approximately 1 kb of flanking DNA regions. This amplicon was used to transform each 

of the TS F. novicida strains carrying psychrophilic ligA alleles.  After plating the 

transformation mixtures at restrictive temperatures a lawn of putative transformants were 

found for each transformation (Fig. 10). Parallel experiments without added DNA yielded 

no growth at the restrictive temperatures. DNA from isolates from three of the 

transformation experiments were used as templates for PCR amplification of the ligA 

regions, and these amplicons were subjected to DNA sequence analysis.  All of these 

showed the presence of the F. novicida ligA gene and the absence of any of the 

psychrophilic genes. 

 Another possibility is that the introduction of a foreign gene or gene product 

induces a TS phenotype through an unknown mechanism.  While this possibility is 

difficult to test directly we approached this indirectly by introducing a foreign mesophilic 

ligA gene.  The mesophilic bacterium Shewanella oneidensis MR-1 is closely related to 

the three psychrophilic genera used as the source of the ligA alleles. Indeed the DNA 

ligase of S. oneidensis has 74.5%, 73.5%, 74.6% and 73.5% amino acid identity with the 

products of the S1, S2, S3 and S4 ligA alleles respectively.  When the S. oneidensis ligA 

allele was substituted into the F. novicida chromosome the resulting strain had a 

temperature profile indistinguishable from that of the parental F. novicida (Fig. 11). This 
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demonstrated that the mere introduction of a foreign ligA allele does not induce a TS 

phenotype. 

  



 

 

76 

 

Figure 10 Complementation of temperature sensitive phenotype 

Transformation of F. novicida-S2 with PCR amplicon encoding the wild type F. novicida 

ligA and surrounding chromosomal regions and selection at 43°C (upper panel) or with 

no DNA (lower panel).  Transformation-competent F. novicida readily take up and 

integrate linear DNA.  The F. novicida-S2 strain has a restrictive temperature of 33°C.  

Similar results were found when all other temperature sensitive F. novicida strains (P1. 

P2, C1, S1, S3, P3, C2, P4, P5 P6 and P7) were transformed with the PCR amplicon 

encoding the wild type F. novicida ligA chromosomal region. 
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Figure 11 Growth pattern of mesophilic F. novicida strains. 

Growth characteristics of wild type F. novicida (Panel A) and F. novicida-MR-1 (S5) that 

harbors a ligA gene from S. oneidensis MR-1 (Panel B). The maximal growth 

temperature for F. novicida is about 45°C. Error bars (SEM) are presented but are usually 

too small to be discerned.   
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 The gene substitution of the C1-ligA allele yielded unusual results.  The F. 

novicida-C1 strain carried a hybrid ligA gene, with the first 457 codons from the F. 

novicida ligA gene and the last 223 codons from the Colwellia ligA gene (Fig. 12).  Since 

the source bacterium of the Colwellia sp. ligA gene has a maximal growth temperature of 

12.5°C we suspected that the ligA gene product may not function at the 30°C that was 

used to select recombinants.  Further experiments to isolate a F. novicida carrying the 

ligA C1 allele at lower temperature failed, and thus we do not know the reason why a 

complete C1 allele substitution was not found.   

 To further test the properties of the C1-ligA allele we introduced it on plasmid 

pBC SK+ (Cm
R
) into an S. enterica strain with an inactivated chromosomal copy of ligA 

that was supported by a pBR313-borne (Ap
R
) copy of the S. enterica ligA.  After growth 

in broth with choloramphenicol but without ampicillin, we found isolates that had lost the 

Ap
R
 plasmid.  These isolates had a restrictive temperature of 27°C (Fig. 13), and DNA 

sequencing of the plasmid present in the cell showed that it carried the C1-ligA allele.  

These findings suggest that the C1-ligA gene product is inactivated at about 27°C.   
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Figure 12 Hybrid form of C1 allele of DNA ligase. 

Integration of the C1 ligA allele resulted in a hybrid gene with 456 codons from the 

F. novicida ligA gene that encodes the N-terminal region of the 680 amino acid hybrid 

protein. 
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Figure 13 Temperature sensitive phenotype of Salmonella enterica 

Low restrictive temperature of S. enterica strain depends on ligA-C1 for growth. 

S. enterica dependent on ligA-C1 or ligA-P4 both can form isolated colonies at 26°C 

(Panel A) but the strain carrying ligA-C1 allele cannot form isolated colonies at 27°C 
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Comparative analysis of the ligA deduced amino acid sequences 

 In order to ascertain if there are discernible amino acid differences that correlate 

with the restrictive temperatures induced by the ligA alleles we analyzed the sequences 

using multiple alignments (Fig. 14). We found that large segments of the deduced amino 

acid sequences are highly similar even between ligA alleles of psychrophilic and 

mesophilic origin (over 70% similarity). This is especially true in some of the conserved 

motifs such as motif I and motif III. Yet, while most ligA deduced amino acid sequences 

with high identity (over 95% identity) have similar restrictive temperature, there are cases 

of closely similar alleles with different phenotypes, for example the S2 and S4 alleles 

(Fig. 15). Thus, a simple analysis of any amino acid sequence differences does not allow 

a prediction of the inactivation temperature of the ligA gene product. 
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Figure 14 Sequence alignment of LigA protein sequences 

Multiple sequence alignment of the deduced amino acid sequence of psychrophilic ligA 

alleles that were successfully substituted into the F. novicida chromosome as well as 

selected sequences from mesophilic forms.  Sequences are arranged, from top to bottom, 

in order of restrictive temperatures.  Domains have been labelled under the alignment 

(black – cofactor binding domain, grey – nucleotransferase domain, green – OB fold 

domain, brown – zinc binding domain, yellow – HHH domain, red – BRCT domain). 

Black letters above the alignments indicate conserved nucleotransferase motifs (upper 

case letters indicate strong conservation of amino acid in that residue, c – charged amino 

acid, h – hydrophobic amino acid, x- not conserved).  Motif shown in red text forms an α-

helix that interacts with DNA.  Green letter indicates lysine critical for the activity.  

Orange letters indicate positions of conserved cysteine residues in zinc binding domain. 
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Figure 15 Evolutionary relation of DNA ligase alleles. 

Phylogram of the amino acid sequences of the deduced product of ligA alleles postulating 

their evolutionary relatedness.  The temperature of inactivation of the F. novicida strain 

harboring the ligA alleles is listed next to each allele.  S5 is from a mesophilic 

Shewanella species.  The phylogram was generated using the neighbor joining method in 

Geneious version 6.0.6 version.  The wild type ligA sequence from F. novicida was used 

as an outgroup. 
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Growth properties of F. novicida harboring psychrophilic ligA alleles. 

 We wanted to assess if the substitution of a foreign ligA gene affected the growth 

rate of the hybrid strains of F. novicida.  Thus, we analyzed their growth in liquid media 

over a range of temperatures below and above the restriction temperatures of the different 

strains (Fig. 16).  In all of these experiments 30°C was used as the lowest incubation 

temperature and served as a baseline for the other growth temperature conditions.  For the 

wild type strain the generation time did not change appreciably with incubation 

temperatures up to 42°C.  However each of the TS variants of F. novicida grew more 

slowly at incubation temperatures that were 2°C–3°C below their restrictive 

temperatures.  Progressively higher incubation temperatures correlated with earlier time 

points when growth slowed or stopped.   
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Figure 16 Growth characteristics of F. novicida strains harboring psychrophilic ligA alleles 

The strains were cultured at 25°C for 16h, diluted and then grown at the elevated 

temperatures. The incubation temperatures are listed in each panel from top to bottom to 

correspond to the order of the growth curves; this allows the reader to discern the position 

of each growth curve even when two or more curves overlap. Error bars (SEM) are 

presented but are usually too small to be discerned. The wild type strain displays changes 

in the growth rate at different temperatures that might be too small to notice.  
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Mutation frequencies to temperature resistance of F. novicida strains carrying ligA 

alleles. 

 One of the potential advantages of using naturally occurring essential gene from 

psychrophiles is that millions of years of evolutionary adaptation may have generated 

some proteins that cannot be converted to a temperature-stable form through a single 

amino acid change resulting from a single nucleotide change. Of the thirteen TS F. 

novicida strains, four (C2, P4, P6 and P7) failed to generate colonies when greater than 

10
10

 CFU were plated on agar medium and incubated 3°C above their restrictive 

temperatures (Table 3).  For the P5 strain we did not find temperature-resistant colonies, 

but this strain generated only low CFU (~10
7
) at the permissive temperature, so it is 

impossible to predict a meaningful mutation frequency to temperature resistance of the 

P5 ligA allele.  The F. novicida strains harboring the S3 ligA allele had an unusually high 

frequency of mutation to temperature-resistance, but the rest of the alleles that generated 

temperature-resistant strains mutated at frequencies typical for point mutations.  In every 

case we found the temperature-resistant phenotypes to be stable when re-inoculated onto 

agar plates.   

Psychrophilic ligA alleles that support S. cerevisiae viability. 

 The essential genes of different biological kingdoms are represented by widely 

divergent genes and by different sets of genes.  Thus it was surprising that the ligA gene 

of E. coli could support the viability of S. cerevisiae that had a knock out in its essential 

CDC9 DNA ligase encoding gene (DNA ligase type I) (127) even though the bacterial 

enzyme is NAD-dependent and the yeast enzyme is ATP-dependent. Given these results 
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we speculated that some psychrophilic ligA genes could support S. cerevisiae growth and 

wondered if a TS phenotype would result in such a hybrid strain. 

 To test our hypothesis we cloned two Pseduoalteromonas ligA alleles, P2 and P7 

into the centromere vector, pYX132, which is based on tryptophan auxotrophy for 

selection and utilizes the strong constitutive TPI1 promoter to drive the expression of 

recombinant genes.  As a representative of a bacterial mesophilic gene we cloned the 

F. novicida ligA gene into this vector; and as a positive control we also cloned the yeast 

CDC9 gene.  These recombinant plasmids were transformed into the S. cerevisiae 

YBS∆L1 haploid strain which has a chromosomal knock out of CDC9 and carries CDC9 

on a plasmid that is based on uracil selection.  After transformation and selection for the 

recombinant pYX132 (trp-based plasmid) colonies were spread on agar medium 

containing 5-fluoroortic acid to counter-select against the uracil selection-based plasmid, 

which removes the only copy of CDC9.  The surviving colonies were tested for the 

presence of the original CDC9-bearing plasmid, and those lacking the plasmid were 

studied further.  We found recombinants that lacked any copy of CDC9 and that bore 

psychrophilic ligA alleles P2 and P7, and we found that all of these isolates were 

temperature sensitive (Fig. 17). However the restrictive temperatures for the S. cerevisiae 

harboring ligA alleles P2 and P7 were 34.5, and 36.5°C as compared to the restrictive 

temperatures for F. novicida strains with these alleles which were 33 and 38°C.  S. 

cerevisiae strains harboring the F. novicida ligA allele or strain in which we introduced 

the CDC9 gene on the pYX132 plasmid, grew in the same temperature range as the 

parent S. cerevisiae strain (Fig. 18).   
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Figure 17 Temperature sensitive phenotype of Saccharomyces cerevisiae 

S. cerevisiae strain supported by the P2 ligA allele.  Panel A.  Inoculated agar plate 

incubated at maximal permissive temperature of 34°C.  Panel B.  Inoculated agar plate 

incubated at restrictive temperature of 34.5°C.   
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Figure 18 Growth pattern of yeast strains. 

Growth of S. cerevisiae strains dependent on bacterial psychrophilic ligA alleles.  The S. 

cerevisiae strains carrying ligA alleles CDC9 (Panel A), wild type F. novicida ligA (Panel 

B), ligA-P2, (Panel C), and ligA-P7 (Panel D) were grown for 16 h at 30°C and diluted to 

an A600 of 0.3 to generate new cultures. Triplicate cultures were grown at each 

temperature and A600 values were measured every two hours.  Error bars represent 

standard errors of the means. 
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 In this work we have identified several psychrophilic ligA alleles that can be used 

as BioBricks to engineer TS variants of prokaryotes and, for some alleles, a eukaryote 

microbe.  The range of temperature-sensitivity induced by the alleles, from 28°C to 39°C, 

is appropriate for bio-containment while allowing robust growth of the TS microbe at 

temperatures suitable for bio-process applications and for live vaccines. Since every 

psychrophilic allele of bacterial DNA ligase proved to generate TS phenotype it shows 

that these genes can be efficiently used to generate attenuated strains. Furthermore, 

selected alleles were able to alter the phenotype of yeast strain, meaning they can act as 

universal control mechanism. Despite the high level of similarity between the sequences, 

strains that carry different alleles are often characterized by unique phenotypes. Therefore 

they can be further modified, by altering individual amino acid residues, to fine tune the 

level of temperature sensitivity in the mesophilic organisms. Previous analysis of 

multiple TS alleles of essential gene (31) focused on several different essential genes. 

While establishing the role of psychrophilic genes as potential regulatory mechanism it 

did not allow for comparative analysis of many alleles of the same gene. With the new 

collection those residues that affect the protein stability could be identified. This offers 

greater insight into the nature of TS alleles. 
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Chapter 4 

Analysis of temperature resistant mutants 

 

Introduction 

Living organisms have evolved to live at various different environments. This 

includes extreme conditions, such as Antarctic permafrost or volcanic pools. However 

adaptation to such harsh conditions does not require completely remodeling the known 

structure of basic cellular compounds. In fact many of the enzymes found in organisms 

living at drastically different environments have very similar structure (Fig. 19). At the 

same time enzyme from a particular extremophile might share only as little as 40% 

identity of its amino acid sequence with the corresponding enzyme adapted to the 

opposite type of environment (e.g. proteins from hyperthermophile and psychrophile) 

(141). Such level of similarity is sufficient to maintain comparable protein architecture. 

However it also makes the enzymes too distinct to allow easy identification of the crucial 

changes that affect stability and activity. In addition to that the differences are at least 

partially affected by the adaptations to other aspects of environment, like high pressure or 

highly acidic/basic pH. On top of that level of similarity will changed based on 

evolutionary relatedness of the source organism. Finding a way to detect the changes that 

could render a given enzyme low- or high-temperature adapted would have a significant 

impact on biotechnology where necessity to catalyse reactions at specific conditions is 

crucial. Therefore a significant effort has been placed on localizing amino acid 

substitutions that affect enzymatic activity in the context of temperature.  
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Figure 19 Common ancestry of enzymes adapted to extreme conditions 

The illustration presents subunit of citrate synthetase from thermophilic (left) and 

psychrophilic (right) organism. Despite functioning at drastically different environments 

both enzymes have retained very similar structure. Figure was adapted from Frances H. 

Arnold et al (142). 
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Analysis of multiple psychrophilic and thermophilic enzymes revealed features 

that might be associated with adaptation to extreme environment. This includes 

preference for specific amino acids (143, 144). In general it has been noticed that proteins 

from thermophilic organisms tend to contain more hydrophobic and charged amino acids 

and less non-charged polar residues than the proteins from mesophiles. At the same time 

their psychrophilic counterparts possess less aromatic and charged residues and more 

small amino acids. Such analysis suggests the kind of changes that allows adaptation to 

different temperatures; however it is insufficient to facilitate rational engineering of 

proteins by altering individual residues. At this moment it is necessary to establish 

individual pattern of specific substitutions for groups of proteins that would impact their 

activity at different conditions.  

In order to establish amino acid changes necessary for temperature adaptation 

researchers have tried to recreate the protein evolution in laboratory conditions. The most 

common way to achieve this is by utilizing direct evolution techniques. This includes 

mutagenesis of a particular sequence by error-prone PCR and in vitro recombination 

through DNA shuffling (145). Obtaining functional enzyme with new properties requires 

analyzing multiple mutants and distinguishing the sequence alterations that contribute to 

the desired phenotype from the neutral or deleterious ones. Such task is extremely 

difficult when employing only in vitro methods. To ease the process of screening an 

earlier step of in vivo selection can be performed. Mutated sequences are placed in the 

context of the host organism and clones capable of surviving at desired conditions are 

further analysed. However for this method to yield effect the investigated enzyme has to 

perform a biological function that directly impacts the host’s fitness. Because of this 
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requirement the proteins encoded by the essential genes seem to be best suited for such 

analysis. Any alterations to their activity would have a direct influence on the survival 

capabilities of the organism. Therefore essential genes make good models for 

investigating types of amino acid alterations that have impact on protein adaptation to 

different temperatures. 

It could be beneficiary to investigate the mutations that are autonomously selected 

by organisms carrying temperature-sensitive alleles of their essential genes. In the 

previous chapter we have described a collection of F. novicida clones that depend on 

DNA ligase originating from psychrophilic organisms, resulting in those clones being 

incapable of surviving at elevated temperatures. We observed that several of our strains 

were capable of generating spontaneous temperature resistant mutants, which were able 

to grow at temperatures that were previously restrictive for them. We decided to 

investigate the changes in psychrophilic DNA ligases that would affect the observed 

phenotype of the analyzed strains. 
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Results and discussion 

 

Mutations that convert TS ligA gene products into temperature-resistant forms. 

 To determine the nature of the mutations leading to temperature-resistance we 

analyzed the DNA sequence of the ligA region from at least two temperature-resistant 

isolates from each strain that generated such mutants.  Seven out of eight strains had a 

single nucleotide alteration that caused a change in the encoded amino acid in the ligA 

gene product (Table 4). However, all of the three analyzed F. novicida strains carrying 

ligA-P2 had no changes in the ligA coding sequence nor in the nearest upstream and 

downstream region. Additionally while we found three mutated forms of the ligA-S3 

allele, we have also isolated four temperature resistant F. novicida-S3 strains with no 

changes in their ligA ORF (Table 4), indicating that extragenic suppressors altered their 

maximal growth temperatures.  

 Since it appeared that some of the temperature-resistant isolates derived their 

phenotypes from extragenic suppressor mutations we wanted to test if the intragenic ligA 

mutations found in most of the isolates truly generated their temperature-resistant 

phenotypes. To do this we PCR amplified the ligA regions from five temperature-

resistant isolates derived from temperature-sensitive strains of F. novicida carrying 

psychrophilic ligA substitutions and used the PCR products to transform F. novicida-C2 

(max 35°C) and selected for growth at 37°C. In all cases the temperature-resistant 

transformants carried the ligA mutations associated with the ligA from the temperature-

resistant donor strains. The results from one such experiment are shown in Figure 20. 
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Table 4 Examples of mutations found in temperature-resistant mutants 

  Amino Acid Change Codon Change Protein Region 

P1 A520V GCA→GTA HHH domain 

P2* None found None found -- 

C1 E475K GAA→AAA HHH domain 

S2 E433K GAA→AAA zinc binding domain 

S3¥ M8I ATG→ATA N-terminal end 

S3¥ D9N GAT→AAT N-terminal end 

P3 A520V GCT→GTT HHH domain 

S4 D550G GAT→GGT HHH domain 

S4 E518G GAA→GGA HHH domain 

*Presumably mutations extragenic to ligA altered the restrictive temperature. 

¥
Some temperature-resistant strains carrying the S3 allele had no mutations in the ligA 

gene, and extragenic mutations were presumably responsible for the altered phenotype. 
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Figure 20 Relation between temperature resistant phenotype and observed mutations 

Introduction of a temperature-resistant variant of a psychrophilic allele (S4-E518G) into a 

temperature-sensitive F. novicida strain results in temperature-resistant isolates.  The TS 

F. novicida-C2 strain was transformed with a PCR amplicon of the S4 (E518G) ligA 

allele and surrounding DNA.  The one temperature-resistant colony that was examined 

carried the S4 (E518G) ligA allele. Sequencing confirmed presence of S4 (E518G) allele 

and lack of the original psychrophilic one  
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 The majority of intragenic temperature resistant mutations occurred in the C-

terminal region of DNA ligase protein, including the zinc binding domain and the HHH 

region (Fig. 21) both of which are involved in binding DNA. A Phyre2 structure 

prediction of temperature-resistant S4 LigA placed both the E518G and the D550G 

changes in loop regions between two α-helices. The A520V changes found in 

temperature-resistant variants of LigA-P1 and LigA-P3 were predicted to lie in a portion 

of the enzyme that has no predicted secondary structure.  The E433K mutation in LigA-

S2 occurred at the beginning of a predicted α-helix in the zinc binding domain adjacent to 

one of the cysteine that are involved in binding zinc ion (Fig. 22). 
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Figure 21 Location of mutations that converted TS psychrophilic alleles into ones that 

produced temperature-resistant products 

Blocks signify the protein domains of bacterial NAD-dependent DNA ligases.  Ia, 

cofactor binding domain; NT, nucleotransferase domain; OB, OB fold domain; Zn, zinc 

binding domain; HHH, helix-hairpin-helix domain; BRCT, BRCT domain.  The double 

headed arrow indicates the mutations that occurred at the very N-terminal end of the 

protein and did not have a consistent character other than to increase the strength of the 

RBS; the circular arrows indicates the mutations changing glutamic acid into lysine; the 

single arrow indicates the mutation changing alanine into valine; and the square arrows 

indicate mutations changing acidic residue into glycine. 
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Figure 22 Location of mutations that converted TS psychrophilic alleles into temperature-

resistant products, within the local structures of protein  

The complete structures of the proteins were modeled based on their sequences. The local 

structures where mutations have occurred are presented on the illustration. The mutated 

residues were labelled in red within the HHH domain of allele P1 (Panel A), C1 (Panel 

B) and S4 (Panel C). The mutation identified within the zinc binding domain of S2 (Panel 

D) was annotated in the same way. 
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Temperature-resistant variants of ligA-S3 had mutations that introduced changes 

at the N-terminus of the LigA product (Table 5), and we were surprised to find that the 

mutations were identical to those previously found in temperature-resistant mutants of 

ligA-S1 (31).  We noted that both of the S1 and S3 alleles had the lowest predicted RBS 

strengths (86 au) of all of the alleles, and wondered if the mutations to temperature-

resistance affected the strengths of the RBSs.  We found that indeed both the S1 and S3 

predicted strengths were increased at least three-fold (317-1,531 au, Table 6) by the 

mutations found in the temperature-resistant variants. The mRNA of the S1 and S3 alleles 

is predicted to form secondary structure that encompasses the beginning of coding 

sequence and the upstream region that includes the RBS, which could affect the gene 

translation (Fig. 23). At the same time all identified mutations have visibly negative 

effect on its stability (Table 6). If the temperature-resistance phenotype of the S3 variants 

is due to a change in mRNA structure rather than a change in protein structure then this 

type of mutation should be regarded as a form of “RBS strength suppressor” mutation 

analogous to multicopy suppressor mutations that result from having many copies of a 

particular gene. 
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Table 5 Effect of mutations on predicted RBS strength. 

Allele Amino Acid/nucleotide 

change 

Predicted Translation Initiation 

Rate (au) 

F. novicida N/A 748.4 

S1 (parental) N/A 85.9 

S1† P3S/C7T 316.8 

S1† Q5K/C13A 496.9 

S1† M8I/G24A 1530.7 

S1† D9N/G25A 1117.1 

S3 (parental) N/A 85.9 

S3 M8I/G24A 1530.7 

S3 D9N/G25A 1117.1 

Calculated strengths* of Ribosome Binding Sites for temperature-resistant psychrophilic 

ligA alleles with changes near the 5’-end of the ligA ORF. 

 

†These amino acid changes were previously reported by Duplantis et al., Proc. Natl. 

Acad. Sci. U. S. A. 107:13456–60. 

 

*Calculations for RBS strengths performed by algorithm available at 

https://salislab.net/software/forward. For each calculation of the RBS strength 50 bases 

upstream and downstream of the ATG start codon were entered into the “reverse 

engineering” version 2.0 algorithm.  The anti-Shine-Delgarno sequence of F. novicida is 

identical to that of E. coli K12. 

  

https://salislab.net/software/forward
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Figure 23 Secondary structure of mRNA from ligA alleles. 

Predicted structure of mRNA of temperature sensitive allele S3 (left) and its temperature 

resistant mutant M8I (right). The adenine in the first ATG codon was circled in black. 

The mutated nucleotide has been circled in red. The structures were prepared by using 

mfold program (http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form).  
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Table 6 Stability of ligA alleles mRNA 

Allele 
Amino Acid/nucleotide 

change 
∆G (kcal/mol) 

S1 N/A -8.0 

S3 N/A -8.0 

S1 P3S/C7T -5.1 

S1 Q5K/C13A -4.1 

S1 M8I/G24A -1.6 

S1 D9N/G25A -2.3 

S3 M8I/G24A -1.6 

S3 D9N/G25A -2.3 

Calculated stability of secondary structure of mRNA of alleles S1 and S3, as well as their 

temperature resistant mutants. The structures were prepared by using mfold software 

(http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form). 
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Growth properties of F. novicida harboring psychrophilic ligA alleles. 

 When substituting the ligA alleles into F. novicida we preserved the F. novicida 

transcriptional control, and we tried to minimize disruption of mRNA structure 

surrounding the ribosome binding site (RBS) regions. However the fusion of the F. 

novicida region distal to the ligA promoter to the psychrophilic ligA ORF inevitably 

resulted in a new mRNA and a new RBS-environment.  Our calculations (Table 7) of the 

predicted strengths of the RBSs for the psychrophilic ligA alleles showed that most of 

them were within a factor of two from the original, F. novicida, ligA RBS.  The 

substitution of the S1, S3 and C2 alleles substantially lowered the strength of the RBSs 

but, in general, there is not an apparent relationship between the predicted strength of the 

RBSs lying in front of the psychrophilic ligA alleles and the growth rates of the strains 

harboring those alleles (Fig. 24). 
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Table 7 Analysis of bacterial growth and RBS strength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calculated strengths* of Ribosome Binding Sites for psyhrophilic ligA alleles substituted 

into the F. novicida chromosome and the growth generation time for cognate strains. 

 

*Calculations for RBS strengths performed by algorithm available at 

https://salislab.net/software/forward. For each calculation of the RBS strength 50 bases 

upstream and downstream of the ATG start codon were entered into the “reverse 

engineering” version 2.0 algorithm.  The anti-Shine-Delgarno sequence of F. novicida is 

identical to that of E. coli K12. 

 

  

 

Calculated translation Initiation 
Rate (arbitrary units) of allele 
fused to F. novicida translation 
start regions 

Generation time at 30°C of 
F. novicida strains harboring 
psychrophilic ligA alleles. 

P1 496.9 170 min 

P2 496.9 169 min 

C1 748.4 166 min 

S1 85.9 170 min 

S2 1752.0 167 min 

S3 85.9 163 min 

P3 386.2 175 min 

C2 176.5 170 min 

P4 650.9 170 min 

P5 954.3 175 min 

P6 475.0 169 min 

P7 496.9 156 min 

S4 680.9 175  min 

S5 1917.0 ND 

F. novicida 748.4 176 min 

https://salislab.net/software/forward
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Figure 24 RBS strength and generation time 

We observed lack of relationship between the predicted strength of the ribosome binding 

site (RBS) and the growth rate of F. novicida strains carrying substituted psychrophilic 

ligA alleles. 
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Temperature resistant mutations in the context of ligA sequence similarity. 

 The mutations localized in temperature resistant mutants have occurred in specific 

locations within the coding sequence. All of the isolated clones of F. novicida carrying 

the DNA ligase amplified from Pseudoalteromonas sp. had A520V substitution (Table 

4). Interestingly all of the analyzed alleles from that group of psychrophiles have alanine 

in position 520. Despite a high level of similarity between these sequences only some of 

them managed to generate stable clones with this substitution. At the same time valine is 

found among all the other psychrophilic sequences in the same position. The region 

where mutation occurred is otherwise highly conserved even between psychrophiles and 

mesophiles. This would suggest that the mutations require presence of other residues that 

can be found only in certain variants of ligA gene.  

 Just like the previously described example other C-terminal mutations also 

occurred in mostly well conserved regions. Moreover the sequence alterations that were 

found in temperature resistant mutants do not overlap with the differences between TS 

alleles that have low and high restrictive temperature. Thus it seems that mechanism of 

generating temperature resistant variants found a different means of stabilizing the 

protein structure at elevated temperatures. 

Discussion 

The investigation of TS strains of F. novicida carrying the psychrophilic alleles of 

DNA ligase revealed the stability of an artificially generated phenotype. There are several 

types of changes that could occur within the mesophilic host that would allow escape 

from the lethal effect of the safety mechanism. These have to be considered when using 

the alleles in real-life situations. The mutations observed within the C-terminal region of 
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the proteins seem to be typical alterations that prevent the loss of activity of the enzyme 

at suboptimal conditions. They follow a specific pattern of amino acid substitutions that 

depends on the residue position e.g. acidic residues changing to glycine in the terminal 

part of HHH domain (Fig. 21). It can be presumed that these mutations are equally likely 

to occur in different hosts organisms and therefore the frequency of their occurrence 

would be similar to the already observed one. 

A different type of alteration that generates temperature stable phenotype has 

been observed in the N-terminal region of protein. These mutations do not follow a clear 

pattern of amino acid substitutions. Instead they are likely affecting the gene expression 

at the mRNA level, by impacting the strength of the RBS site. Therefore these mutations 

should depend on the genetic context of the allele and will not necessary appear in 

different host genome. On the other hand the alleles that previously displayed no 

tendency to mutate could spawn similar clones when placed in a different context. The 

reason why this type of mutation is generated with the highest frequency might come 

from the advantage given at the permissive conditions. The clones that obtain the 

mutation affecting the RBS strength can outperform the clones carrying the native allele. 

Therefore later they form a significant portion of the final population. Since these 

mutations tend to appear at very high frequency it is important to analyse any new TS 

organism for its tendency to undergo such changes. 

The last type of the observed temperature resistant clone had no mutations within 

the ligA coding sequence or the flanking DNA sequences. This suggests that an 

extragenic mutation was responsible. This kind of change might be specific only for 

certain hosts and therefore it is impossible to know how likely it is to occur in a different 
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genome. These mutations occurred at a very low level in the strain carrying allele P2 

(Table 4). They also occurred in the strain S3 where they constitute a majority of 

temperature resistant mutants generated by that strain. Therefore the frequency of 

extragenic mutations might be also allele specific. Individual investigation would be 

necessary to determine whether a new host is prone to such alterations. 
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Chapter 5 

Analysis of genome from extreme psychrophilic 

Colwellia sp. C1 

 

Introduction 

Psychrophilic bacteria are an environmental group that has been adapted to thrive 

at low temperatures. Typically the psychrophilic bacteria are capable of growing in a 

range of temperatures from approximately -20⁰C to 20⁰C. The most extreme 

psychrophiles, which can survive at lowest temperature known to still support growth, 

have been found in permafrost soil and sea ice. Adaptation to low temperature 

environment has been characterized among members of various different groups of 

eukaryotic organisms such as fungi and algae. However the greatest number of 

psychrophiles has been characterized in the domain of bacteria. Psychrophilic bacteria 

can be found among both gram-negative and Gram positive phyla. Many psychrophilies 

are also adapted to low concentration of nutrients and high baric pressure. 

In order to survive at low temperatures the psychrophilic bacteria have developed 

a number of specific traits. Some of these are synthesis of cryoprotecting agents, 

antifreeze proteins and more labile membranes or altered amino acid composition of their 

proteins. Altogether these elements allow psychrophiles to avoid cell damage caused by 

the growing ice shards or inactivation of essential metabolic functions because of the low 

temperature. These conditions would be lethal for regular mesophilic organisms that have 

not been adapted to such habitats. 
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The enzymes synthesized by the psychrophilic bacteria have evolved to maintain 

their catalytic activity despite the extreme conditions. The major obstacle that they are 

facing is caused by the slower pace of chemical reactions at the low temperatures. Such 

changes might have a devastating impact on the cell homeostasis when many processes 

have to occur simultaneously and the correct ratio of reaction velocity between linked 

metabolic pathways is essential. To suppress the negative effect of low temperature the 

psychrophiles utilize enzymes characterized by a less rigid conformation (146). Since 

their proteins have more flexible structure, they can more efficiently catalyze their 

specific reactions. However, because of this kind of adaptation they have become more 

unstable and prone to heat denaturation. This suggests that while they can perform 

superbly at low temperatures, their activity at elevated temperatures could be completely 

lost. 

Various different enzymes produced by psychrophilic organisms were found to be 

inactivated at moderate temperatures (101). Therefore an organism that would have to 

rely on such labile protein would risk losing its activity if growing at conditions of 

increased temperature. Such temperature-sensitive phenotype can be extremely useful for 

investigating the specific function of genes. This is especially true for essential genes, 

which cannot be deleted without killing the organism. A default method of obtaining 

genes encoding temperature-sensitive proteins was to generate altered sequences through 

mutagenesis, utilizing UV radiation and chemical agents. The random changes in their 

sequence could create alleles encoding proteins that are still functional, yet less stable. As 

a result they would lose their activity at increased temperatures. This approach allowed 

generation of multiple mutated versions of genes from eukaryotes, bacteria and 
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viruses/phages. However temperature-sensitive mutations are not easy to select from a 

pool of randomly altered sequences. This causes a limitation to how easy new 

temperature-sensitive alleles can be created. On top of that the few amino acid changes 

that were introduced to make protein temperature-sensitive can be reverted by naturally 

occurring mutations. Finally the obtained mutants usually are not being screened for high 

processivity at the permissive conditions. As a result they are often characterized by an 

overall decrease in enzymatic activity at all temperatures. Alternative method of 

generating temperature-sensitive mutants involves proteins that have evolved in the 

environment where high stability is not selected for, yet high efficiency at low 

temperatures is necessary. Because of this protein adaptation, the modified strains that 

utilize psychrophilic genes should not suffer from an inhibition under the permissive 

conditions. 

The genomes of psychrophilic bacteria are characterized by several specific 

features that distinguish them from other groups of living organisms. One of such 

elements is the low GC content of their sequences. Usually psychrophilic genome has 

30% - 40% GC pairs, which is significantly lower than the typical genome of mesophilic 

bacteria. Psychrophiles also have preferences for specific amino acids in their coding 

sequences e.g. preferring lower content of charged amino acids. It is not certain if all of 

these elements are a result of adaptation to low temperature environment. Many of them 

are not strictly present among all of the cold adapted organisms. These traits are also not 

unique to psychrophiles. However they are commonly associated with the psychrophilic 

organisms. 
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Essential genes are the genes that provide crucial role in the organism and are 

indispensable. Therefore loss of any of them results in cell death. This is because they 

control the processes that lie at the base of cellular metabolism. The number of essential 

genes in a specific organism may vary depending on its complexity. Singe cell organisms 

will have fewer genes than multicellular ones. Also prokaryotes tend to have fewer genes 

than eukaryotic organisms. Based on detailed analysis of E. coli genome it is currently 

believed that a minimal bacterial genome contains ~300 essential genes (35, 36). This 

gene set contains sequences responsible for such reactions as DNA replication, 

transcription, translation or biosynthesis of important metabolites. Because of the 

essential role of these elements at least one functional copy of each gene has to be present 

in the host’s genome in order to sustain growth. 

The stability of psychrophilic proteins usually would decrease at temperatures 

typical for the mesophiles. The more flexible structure gives them less resistance to 

denaturing factors such as heat or chemical agents (101). Since the rate of chemical 

reactions is lower in the cold environment the bacteria have to find means to compensate 

for that. Therefore their enzymes are usually characterized by a more flexible structure 

that increases their processive abilities. As a downside they will usually loose most of 

their activity when exposed to temperature above 25⁰C - 30⁰C. It is disputed whether the 

decreased stability is a direct result of increased flexibility or is it caused by evolutionary 

drift allowing accumulation of temperature-sensitive mutations. 
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Results and discussion 

Characterization of partial genomic sequence of Colwellia sp. C1. 

 We have obtained approximately 0.4 Mbp of a total sequence from the analysis of 

the genome of psychrophilic Colwellia sp. C1. The annotated fragments possess 354 

predicted open reading frames (ORFs) (Fig. 25). Identified genes displayed a high level 

of similarity to known sequences of psychrophilic bacteria, especially to Colwellia 

piezophila (147). This organism is a described psychrophile with optimum growth 

temperature of 10⁰C. Based on the sequence similarity we suspect that many identified 

ORFs are involved in the saccharide metabolism, including polysaccharide biosynthesis, 

and assembly of outer cell layer. This would suggest that the investigated strain has 

adapted to the low temperature environment by developing features typical for the 

psychrophilic bacteria. In similar fashion all genomic fragments were characterized by 

low GC content, which is another feature typical for psychrophilic microbes (Table 8). 

 In several cases we found ORF transcribed in the same direction, with similar 

predicted metabolic functions. It would suggest that these genes are organized into an 

operon and are being expressed as a single mRNA molecule. Based on the analysis some 

of the predicted operons would be involved in biosynthesis of important organic 

compounds, such as histidine and heme. Additionally some of the putative 

glycotrasferases and sugar epimerases were organized together with surface proteins in a 

similar fashion.  
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Table 8 Characteristic of analyzed fragments of genomic DNA from Colwellia sp. C1 

  contig #1 contig #2 contig #3 contig #4 

size (bp) 168027 109592 86007 31443 

GC% 37% 37% 39% 36% 

          

genes 146 104 71 33 

essential genes 14 9 0 1 

tRNA genes 1 0 0 0 

          

amino acid synthesis 4 11 2 2 

carbohydrate metabolism  21 20 5 0 

DNA metabolism 6 5 0 1 

cell surface proteins 28 13 11 2 

nucleotide and cofactor synthesis 16 2 17 2 

protein synthesis and folding 9 5 0 2 

persistence mechanism 4 4 0 4 

cell division 4 2 0 0 

lipid metabolism 3 8 5 2 

transcription factors 2 3 6 5 

signal transduction 12 3 3 2 

transposases 1 3 0 0 

energy transfer 3 0 0 0 

hypotetical protein genes 33 25 22 11 

The identified genes were segregated based on their predicted function. Altogether 14 

different groups of ORFs were recognized among the characterized sequences. 
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 We aimed to identify alleles of the essential genes among the predicted ORFs. 

Such genes have been used to generate temperature sensitive (TS) mutants of mesophilic 

organisms (31), which can act as a biosafety mechanism for laboratory strains. We 

assumed a gene to be essential based on the analysis performed in E. coli mutants from 

the Keio collection and PEC database (35, 36, 148). This way the identified protein could 

be used to generate TS mutant of known Gram negative bacteria. Searching the sequence 

revealed 24 genes that meet our criteria (Table 9). The identified sequences represent 

genes involved in the crucial processes that control cellular metabolism. Among those are 

DNA replication, transcription, translation, cell division and heme biosynthesis. We have 

also found two homologues of phosphoglucosamine mutase (glmM), which is an enzyme 

involved in the UDP-N-acetylglucosoamine biosynthesis pathway. Therefore it is an 

important element responsible for the assembly of bacterial cell wall. It is possible that 

one of these copies is inactive or the cell requires activity of both of them in order to 

sustain its requirements.  

 One of the identified alleles has already been proven to generate temperature-

sensitive phenotype when placed in the genome of mesophilic bacteria. The allele of 

DNA ligase (ligA) amplified from the Colwellia sp. C1 genome would support the growth 

of Salmonella enterica strain with deletion of its native ligA sequence (149). However the 

resulting strain would not be capable of surviving at a temperature of 27⁰C or above. This 

is one of the lowest restrictive temperatures imposed on bacterial strain by simple allele 

exchange. It can be speculated that other essential genes from the genome of Colwellia 

sp. C1 would be capable of generating TS phenotype when integrated into the genome of 

mesophilic bacteria.  
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Table 9 Possible essential genes identified in the genome of Colwellia sp. C1. 

gene 

name contig strand gene start gene end 

orn #1 — 1909 1364 

rsgA #1 + 2090 3139 

psd #1 + 3166 4092 

yihA #1 + 26856 27491 

gpsA #1 — 46108 45092 

glmM #1 — 57994 56600 

hemC #1 + 117755 118702 

hemD #1 + 118686 119474 

rho #1 — 126303 125044 

hemB #1 — 130510 129512 

rpoH #1 — 136980 136126 

ftsX #1 — 138172 137198 

ftsE #1 — 138893 138165 

ftsY #1 — 140164 138932 

glmM #2 + 3926 5368 

dnaX #2 + 35845 37932 

adk #2 + 41592 42236 

yeaZ #2 + 55317 56039 

fabG #2 — 60785 60048 

zipA #2 + 70139 71206 

ligA #2 + 71342 73414 

dapB #2 + 76661 77467 

lptB #2 + 90349 91167 

dapE #4 — 9957 8794 

Each gene was named after the known essential genes that it was most similar to.  
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Generation of Francisella novicida hemC TS strain. 

 As a proof of concept we wanted to show that other identified essential genes 

could be used to generate TS strains of mesophilic organisms. For this purpose we have 

selected hemC gene encoding prophobilinogen deaminase, a crucial enzyme in the heme 

biosynthesis pathway. While depletion of an essential DNA ligase results in almost 

immediate cell death (58), the prophobilinogen deaminase participates in a synthesis of 

chemical compound. Therefore it is the lack of heme that would impact the cell fitness. 

Because of this the cell death should be delayed, giving the organism a chance to adapt 

its metabolism. We expect that the observed phenotype would be different from that of 

ligA mutant. In order to test that hypothesis, we prepared genetic construct designed to 

replace the native hemC sequence in the chromosome of the mesophilic bacterium 

Francisella novicida with our psychrophilic allele. We had previously utilized 

F. novicida as a host for the psychrophilic genes since its low G+C content (33%) would 

closely resemble that of a psychrophilic organism. The allele substitution construct was 

prepared in a way that would allow the introduced hemC gene to remain under the control 

of the native F. novicida promoter and ribosome binding site. To prevent any significant 

changes of the mRNA structure in the RBS region after the gene substitution, we placed 

the first three codons of the F. novicida hemC ORF in place of the corresponding codons 

from the psychrophilc gene.  

 The introduced hemC was successfully substituted into F. novicida, resulting in 

temperature-sensitive (TS) form of F. novicida strain with restrictive temperature of 

36°C. The hemC gene from generated mutant was sequenced to confirm the presence of 

the psychrophilic sequence. In order to confirm that the change in phenotype was caused 
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by the exchange of alleles and not due to mutations outside of the hemC gene we returned 

the native F. novicida hemC homologue to the TS strains. The F. novicida strain used as 

a host in our studies can be easily transformed with linear DNA. Therefore we PCR 

amplified the wild type F. novicida hemC allele along with approximately 1 kb of 

flanking DNA regions. This amplicon was used to transform the TS strain of F. novicida. 

The transformed cells were plated above the restrictive temperature of the TS strain. 

After overnight incubation we observed a lawn of viable clones on the plate. Parallel 

experiments without added DNA yielded no growth at the same temperature. To further 

confirm the impact of our allele on the observed phenotype we isolated DNA from three 

of the temperature resistant clones and used it as templates for PCR amplification of the 

hemC region. The resulting amplicon was subjected to DNA sequence analysis. All of the 

investigated clones showed the presence of the F. novicida hemC gene and the absence of 

the psychrophilic gene. 

 

Frequency of mutation to temperature resistant phenotype in F. novicida hemC TS 

strain 

 As mentioned before by using the naturally occurring essential gene from the 

psychrophilic organism that has adapted to a low temperature environment during 

millions of years of evolution we limit the possibility of mutations that could converted 

the TS strain to a temperature-stable form through a single nucleotide alteration that 

causes change of a single amino acid residue. We tested our temperature sensitive strain 

of F. novicida for its ability to generate temperature resistant forms. We discovered that, 

even when incubated above its restrictive temperature, plated strain forms patches of 
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solid growth on the plate. It might be concluded that this is the effect of slower death 

caused by the lack of heme. This effect is different from the death caused by TS DNA 

ligase, where plating even large number of cells resulted in clear plates. Since we could 

not obtain individual colonies to calculate the reversion rate we decided to modify the 

original method of analysis. As before the cells were grown at permissive temperature to 

a large number. Then a small amount of culture was spun down and suspended in ten 

times greater volume of PBS buffer. The suspended cells were incubated above their 

permissive temperature for 1 hour. Then they were plated on pre-warmed TSBC plates 

and incubated at the same conditions, approximately 4°C above their restrictive 

temperatures. This time we were able to observe individual colonies. While there were 

remains of a hazy growth on some regions of plates, it did not obstruct the process of 

counting colonies. We calculated that the strain is capable of reverting to temperature 

stable form at a high rate of ~1 cell in 10
5
. We selected several colonies and streaked 

them again above the restrictive temperature. They were capable of forming regular 

growth, which confirms their viability. At the same time the hazy growth observed on 

some plates could not form any visible colonies when re-streaked at the same 

temperature. This result proves that the hazy regions did not contain any living cells. It, 

most likely, consists of cells that were able to divide several times before dying as a 

result of temperature inactivation of an essential gene. This is the expected result of 

delayed lethality. The cells are not directly affected by the lack of functional 

prophobilinogen deaminase, only the lack of product of its biosynthesis pathway.  

 The observed reversion rate is much higher than that the ones seen for most of the 

TS mutants of DNA ligase. However it is comparable to the reversion capabilities of 
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Francisella novicida ligA S3 strain described before. The mentioned temperature 

sensitive clone was characterized by the ability to generate two types of mutations that 

would grant it resistance to the elevated temperature. One type of mutation occurred 

outside of the coding sequence of the TS allele. Its location could not be determined as it 

did not occur anywhere in the nearest vicinity of the gene. This would suggest that certain 

extragenic mutations would affect the expression or stability of the hemC product. The 

second class of mutations happened at the very beginning of the coding sequences, within 

the several first nucleotides. Since, other than the location, the amino acid changes 

seemed to be completely random it is possible that the mutations might actually affected 

the structure of mRNA of the gene. This would mean that temperature resistant clones 

were characterized by a higher expression level of their DNA ligase. Specifically the 

modification would have impact at the level of translation. Multiple temperature resistant 

clones of F. novicida were sequenced to confirm the cause of the altered phenotype. 

Among twelve investigated clones none had any changes within the hemC gene. This 

strongly suggests the presence of an extragenic mutation as a cause for the changes in 

temperature sensitive phenotype. 

Conclusions 

 The partial sequence of Colwellia sp. C1 genome reveals possible adaptations to 

life in the low temperature environment. We also found homologues of genes that are 

essential for the bacterial metabolism. We proved that such genes can be used to replace 

an allele of a homologous gene in a mesophilic organism and render it temperature 

sensitive. The large number of identified essential genes gives a possibility of creating 

multiple different TS mutants. Additionally, applying the temperature inactivation 
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mechanism to different essential genes can result in varying pace of cell death. There is a 

visible difference between the lethal effect of inactivating the replication genes and 

inactivation of genes involved in the cofactor biosynthesis. The further investigation of 

one of such mutants showed capability of easily mutating into temperature resistant 

forms. This means that a single psychrophilic allele might not be sufficient for generating 

a safe TS strain for future work. Therefore just like we did with the investigation of DNA 

ligase alleles there is a need to compare multiple different forms of the same gene in 

order to find ones that could meet a number of criteria, including a low reversion 

frequency. 
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Chapter 6 

Screening of psychrophilic alleles of multiple essential genes 

 

Introduction 

The set of genes necessary for maintenance of the basic metabolism within an 

organism, the minimal genome, is crucial for survival. Obtaining control over the activity 

of these genes would give the possibility of regulating the survival of genetically 

modified organism at specified conditions. The number of essential genes varies 

depending on the complexity of organism. Currently it is estimated that the prokaryotic 

genomes possess several hundred essential genes. Latest research suggests that a basic 

bacterial genome contains ~300 essential genes. Within this group we have elements 

responsible for such processes as DNA replication, transcription, translation or 

biosynthesis of important cofactors. Since each genome usually contains a single copy of 

each essential gene, its inactivation would be lethal for the organism. Therefore the 

control over the single essential gene should be sufficient to inhibit the growth of altered 

bacterial strain. 

We have established that the genomes of psychrophilic bacteria can serve as a 

source of temperature sensitive essential genes. The proteins encoded by these sequences 

are adapted to function at low temperatures. Among the features typical for enzymes 

adapted to such environment is the decrease in their stability. The reaction speed is 

significantly lowered in the cold environment. In order to compensate for that the 

enzymes are usually characterized by a more flexible structure that increases their 

processive abilities. However, at the same time the psychrophilic enzymes are often more 
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sensitive to heat denaturation. They usually loose significant portion of their activity 

when exposed to the temperature above 25⁰C - 30⁰C. It has been postulated that the 

instability of psychrophilic proteins is a result of their increased flexibility. However 

alternative explanation suggested that the cause lies in the evolutionary drift that allows 

accumulation of mutations, which prevent the enzymes from functioning at higher 

temperatures.  

Our previous work shows that using psychrophilic alleles of essential genes can 

be an efficient method of generating temperature sensitive strains of mesophilic bacteria. 

The characterized collection of ligA alleles contained sequences that would generate TS 

phenotype at a range of temperatures. In order to identify similar alleles of different 

essential genes we have investigated genome of the extreme psychrophilic Colwellia sp. 

strain. The investigated allele of hemC gene managed to successfully generate a 

temperature sensitive phenotype in F. novicida. However the obtained strain was prone to 

mutate into a temperature resistant form. Therefore we decided that it is necessary to 

analyze multiple alleles for each essential gene, before finding elements that would 

guarantee stable phenotype. In this study we have attempted to characterize several 

alleles of selected essential genes that were obtained from the genomes of extreme 

psychrophiles. 

Results and discussion 

 

Generation of TS strains. 

 The aim of this study was to generate a collection of temperature sensitive alleles 

of essential genes similar to that of ligA alleles. For this purpose we have selected the 
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alleles encoding several genes identified as essential for the growth of bacteria. For some 

of them, like prophobilinogen deaminase (hemC), methionyl-tRNA formyltransferase 

(fmt) and tyrosyl-tRNA synthetase (tyrS), a number of temperature sensitive variants has 

been identified in earlier research concerning the psychrophilic genes (31). Other ones 

have not been previously investigated in such way (Table 10). While individual 

temperature sensitive mutant of mesophilic alleles were reported, there are no collections 

of alleles that would support a stable temperature sensitive phenotype for these genes 

(150). We have used F. novicida as a default acceptor for the psychrophilic alleles, as the 

G+C content of its genome (33%) closely resembles that of the chromosomes of the 

psychrophilic organisms. As described previously all of the allele substitutions were 

designed to utilize the native F. novicida regulatory elements e.g. promoter and ribosome 

binding site of the corresponding gene. To avoid causing significant changes in the 

structure of mRNA we placed the first three codons of the native F. novicida coding 

sequence in place of the codons of psychrophile gene. We tested genes amplified from 

the strains belonging to groups such as Shewanella, Colwellia and Pseudoalteromonas.  
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Table 10 Essential genes investigated in search for temperature sensitive alleles 

Gene Role Gene size (bp) Tested alleles 

fmt N-formyltransferase 942 3 

tyrS aminoacyl-tRNA synthetase 1191 3 

hemC propohbilinogen deaminase 903 3 

dnaB replicative DNA helicase 1398 4 

dnaK protein chaperone 1929 3 

dnaA replication initiation 1476 3 

The number of tested alleles does not include the previously characterized sequences. 

Gene size is that of corresponding sequence found in the genome of F. novicida U112. 
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 Only two of the 19 tested alleles managed to substitute the native gene and 

generated a temperature-sensitive (TS) F. novicida strain. They encoded a Shewanella 

type N-formyltransferase and aminoacyl-tRNA synthetase. The restrictive temperature of 

the mutants was 40⁰C and 43⁰C respectively. The sequencing confirmed the presence of 

the complete psychrophilic fmt allele. However the tyrS allele possessed only the last 36 

amino acids from the introduced psychrophilic sequence. The vast majority of the coding 

regions remained unchanged (Fig. 26). This situation is very similar to the hybrid allele 

of DNA ligase that we previously observed in F. novicida (see Chapter 3). We suspect 

that the hybrid allele was created by an intergenic recombination. The C-terminal region 

of the enzyme, which is now encoded by the psychrophilic sequence, contains the S4 

domain. This domain is unique for the tyrosyl-tRNA synthetase and participates in 

binding of the RNA molecule.  

Several other investigated constructs have generated TS clones. However 

sequencing showed that they possess only the native form of respective essential gene in 

its locus. Since we never observed a spontaneous formation of TS clones in F. novicida 

population it would suggest that a nonspecific recombination between introduced 

construct and the chromosome caused the changes in the phenotype. It could cause 

insertion within a vital part of the genome, which resulted in impaired growth of the 

strain. 
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Figure 26 Hybrid form of aminoacyl-tRNA synthetase. 

Integration of the psychrophilic allele of aminoacyl-tRNA synthetase resulted in a hybrid 

gene with 360 codons from the native F. novicida gene that encodes the N-terminal 

region of the 396 amino acid hybrid protein. 

  



 

 

133 

Frequency of mutation to temperature resistance of F. novicida strains carrying 
temperature sensitive alleles. 

 We investigate the genetic stability as part of the characterization of the TS 

strains. We do this by observing if the generated clones could mutate into temperature 

resistant forms. Usually we test for the spontaneous formation of temperature resistance 

forms at temperature approximately 3⁰C higher than the restrictive temperature of each 

strain. However the high restrictive temperature of tyrS and fmt mutants would force us to 

analyze them at temperatures very close to or above the maximum growth temperature of 

F. novicida. In such case the elevated temperature would impact the entire cellular 

metabolism, not just the product of altered essential gene, resulting in either decreased 

fitness or cell death. Such experiments would not give the accurate picture of the TS 

phenotype of new strain. Therefore we decided to abandon this aspect of analysis of the 

fmt and tyrS strains. 

  

Conclusions 

 In this work we aimed to generate a number of new collections of TS alleles 

representing selected essential genes. Previous attempts yielded a large number of TS 

strain with varying restrictive temperature. However in this approach only two alleles, 

each of a different gene, were capable of generating temperature sensitive phenotype. 

This proves that not every type of psychrophilic gene, when placed in mesophilic 

genome, is going to have the expected impact on the fitness of its host. It is possible that 

only certain genes, like ligA encoding DNA ligase, can efficiently establish a temperature 

sensitive effect in mesophilic organisms. This could be caused by several different 

factors. The products of specific genes might be stable even at temperatures above the 
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maximum growth temperature of their host organism. Alternatively the introduced 

psychrophilic allele might be incapable of performing its functions in the mesophilic 

host. Therefore clones carrying only that allele would be deleterious and could not be 

selected for. The screening for TS clones often requires analyzing the phenotype of 

hundreds of clones and the allele swapping rate can be as low as 1%. Because of this it is 

often hard to establish if any of the obtained clones actually possesses the introduced 

gene. In order to facilitate more efficient analysis of psychrophilic essential genes a more 

efficient system of exchanging alleles has to be established.   
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Chapter 7 

Plasmid based system for efficient allele exchange 

 

The E.coli ∆pth strain described in this chapter has been generated by Daniel Kemp. 

Introduction 

The essential genes are sequences encoding elements that are crucial for 

maintaining the metabolism of a living organism. The set of all essential genes in given 

organism is often called the minimal genome. These elements provide backbone for all of 

the secondary cellular processes. Therefore by manipulating the essential genes we can 

provide better support for synthesis of valuable secondary metabolites. Using essential 

genes also allows development of biosafety mechanisms that prevent the spread of 

genetically modified organisms into the environment. Therefore the investigation of 

essential genes plays an important role in modern molecular and synthetic biology. Any 

genetic alterations in the sequence of essential genes can have a unique effect on the host 

organism. Since simple organisms usually have only one copy of each essential gene, any 

alterations to that sequence would have immediate effect of cell fitness. However 

investigation of essential genes is hindered by the requirement of possessing at least one 

active copy at a time to ensure the survival of an organism. Deleting essential genes 

would cause, by definition, a lethal effect.  

There are systems that allow replacing a native copy of a selected essential gene 

with an alternative sequence. They usually rely on a double recombination with the 

chromosome, resulting in insertion of introduced alleles and deletion of the native 

sequence. This approach has a few major drawbacks that limit its efficiency. It usually 
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utilizes the native recombination system of the host organism to facilitate the gene 

insertion. Therefore it can be performed only in organisms characterized by high 

recombination proficiency. In case of E.coli strain that lacks active form of RecA protein 

(e.g. as a result of a gene deletion) its functional form has to be provided (151). This is 

usually done by introducing conditionally replicating vector that facilitates expression of 

recA gene. Furthermore the exchange of alleles has to be linked with marker that allows 

selection of desired clones. Recently developed system for recombination combining λ 

phage genes and the CRISPR system allows for efficiency high enough to skip the 

selection step (152). However this method requires the use of several plasmids, which 

have to be maintained in the strain at the same time. Finally, for most of the allele 

exchange protocols the efficiency of the process is limited by two factors – the 

transformation rate and the recombination rate. While the transformation rate is usually 

the same for a specific organism, the recombination rate can vary greatly depending on 

which system is used.  

The system for allele exchange that we propose here focuses on decoupling the 

gene of interest from the rest of the genome by transferring it onto an autonomously 

replicating plasmid. Such vector can be small enough to introduce the whole construct, 

including allele of an essential gene, into the organism via a standard transformation. 

Since it can persist independently in the cell, allowing expression of its genes, there is no 

need for recombination with the chromosome. In order to sustain the growth of strain 

deleterious for selected essential gene at least one such construct has to be constantly 

maintained in the host organism. To remove the former vector we took advantage of the 

phenomenon known as plasmid incompatibility. This effect causes plasmids with similar 
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replication or partitioning systems to be incapable of remaining in the same strain for a 

longer period of time. Eventually after several cell divisions two sub-strains are created, 

each one with different plasmid. The strain separation tends to be faster when vectors are 

characterized by a low copy number. This would allow introduction of a new allele of 

essential gene into the modified organism and selection against the presence of the old 

one. 

 

Results and discussion 

 We aimed to create a simple system that would allow rapid exchange of alleles of 

essential genes in the host strain. For this purpose we have created two vectors based on 

the F plasmid maintenance systems. Both constructs were based on the same plasmid 

backbone from pBeloBAC11 vector. To facilitate selection for a specific vector they 

were given different antibiotic markers. One of the plasmids –pBACK- has a kanamycin 

cassette, while the second one – pBACT – has a tetracycline one. Since they share the 

same replication and partitioning system they are being incompatible with each other. 

Therefore after a few rounds of division most of the cells should carry only one of the 

designed constructs. The process of losing additional vector should be fastened by the 

low copy of these constructs. To perform its function as a system for exchange of 

essential genes it has to allow expression of selected ORF at a level high enough to 

support the growth of its host. To assess that we have generated an E. coli strain with 

deletion of an essential gene. We have chosen pth encoding the peptidyl tRNA hydrolase. 

The product of this gene is responsible for cleaving the bond between peptide chain and 

the tRNA molecule on a halted ribosome. Therefore it is responsible for recycling the 
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tRNAs in the cells and a proper progression of translation. Studies have shown that pth 

gene is indispensable in bacterial cells (90). We generated the ∆pth strain with the help of 

inducible λ recombination system placed on the chromosome of E.coli GB05 strain. The 

loss of the essential gene was complemented by introduction of a modified pSEVA 

plasmid carrying pth gene from Salmonella enterica. The plasmid was designed to have 

its replication and expression of the essential gene dependent on the presence of 

anhydrotetracycline (aTc). This compound de-represses the promoters driving expression 

of genes responsible for plasmid replication as well as the native pth gene. We introduced 

that vector to our GB05 strain. Upon the transformation with linear DNA we have 

obtained E. coli clones with chloramphenicol resistance suggesting that they have 

integrated the disruption cassette into their chromosome. We confirmed the presence of 

insertion in the native pth gene through sequencing.  

 The E. coli ∆pth strain would require the presence of episomaly encoded copy of 

peptidyl tRNA hydrolase in order to survive. We wanted to confirm that the performed 

recombination did render the clone dependant on the presence of pSEVA vector. To 

achieve this we have grown the strain in the absence of aTc; the compound is required for 

the replication of the modified pSEVA vector. The strain was eventually unable to 

survive. However the default high copy number of pSEVA vector and possibly leaky 

expression allowed the strain to go through multiple rounds of divisions before that 

happened. We have then transformed the ∆pth clone with pBACK vector carrying the 

same pth gene as pSEVA. However the sequence carried on the introduced plasmid was 

placed under the control of a lac promoter. The transformed cells were recovered 

overnight and then diluted for subsequent cultures. Finally we have selected individual 
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clones. We confirmed the presence of pBACK vector and the absence of pSEVA through 

agarose gel analysis of purified plasmid DNA. Initially the new clone was grown in the 

presence of ITPG in order to allow the expression of the essential gene. However later we 

discovered that even in the absence of this inducer the expression of pth was sufficient to 

sustain the growth. 

 We tested whether the exchange of incompatible vectors carrying a copy of the 

essential gene could still allow survival of the host strain. To do that we introduced 

pBACT vector with and without pth gene to the pBACK clone. The transformed cells 

were placed under the tetracycline selection, meaning they could only survive if they 

acquired the pBACT plasmid. After an overnight incubation we observed regular 

colonies from the pBACT-pth transformation. The control transformation with empty 

vector resulted in a few barely visible colonies. We replica plated both types of colonies 

on medium with either kanamycin or tetracycline. We observed that all of the clones with 

pBACT-pth construct would grow on tetracycline and majority of them would not be able 

to grow on kanamycin. Many of the clones that could grow on the kanamycin would form 

only a few individual colonies instead of a continuous growth. This suggests that 

analyzed colony was a heterologous population consisting predominantly of pBACT 

carrying cells with a minority of pBACK cells. The small colonies that were generated 

from empty pBACT vector transformation could all grow fine on kanamycin, but only 

formed single colonies when replicated on tetracycline. It would suggest that the pBACT 

vector, which was the only source of functional peptidyl tRNA hydrolase, remained in 

the cells. However due to the high incompatibility of vectors it had limited possibility of 
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persisting in population, resulting in severely crippled growth of these clones. This also 

further proves that characterized strain requires external pth gene in order to survive. 

 The presented system allows for a quick and efficient swapping of copies of pth 

essential genes. It is possible to adopt it for investigation of other essential genes by 

simply generating strains with appropriate deletions. The advantage of this approach 

stems from the possibility of avoiding the chromosomal recombination step. This 

additional stage lowers efficiency of the whole process and increases the risk of obtaining 

clones with non-specific insertions. With the growing interest in investigating the 

essential genes this type of method could find multiple applications. Additionally it is an 

improvement the previous system of allelic exchange that relay on homologous 

recombination with the chromosome.  
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Chapter 8 

Summary, conclusions and future directions 

 

Summary 

 Genetic devices designed to act as a biosafety mechanisms have been developed 

as means of control over organisms created artificially in the laboratory conditions. The 

primary motive behind their creation was always to prevent unplanned and accidental 

leakage of potentially dangerous strains of microbes. Such strains, depending on their 

nature, could pose a threat to environment or people’s health. Usually if there is a risk of 

contamination there are the conventional methods of preventing its spread, like physical 

barriers or safety protocols. The genetic safety switches act as a last resort, when every 

other attempt at preventing microbe release has failed. Just like many other genetic 

mechanisms they were created to activate upon exposure to a specific signal. When 

engaged they aim to damage the vital components of their host. This results in preventing 

organism from replicating, destroying the integrity of its cells and allowing disintegration 

of its genetic material. As a result the modified organism cannot spread further nor cause 

any harm. Even most basic safety features, such as auxotrophy, have been following the 

concept of damaging the released strain when specific conditions are met. With the 

development of molecular biology multiple different biochemical pathways were targeted 

by the genetic devices at the same time. Each one of them would essential for microbial 

survival. Disabling multiple targets allows additional security as it is less likely for each 

individual pathway to escape the triggered effect. 
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 Attacking multiple crucial metabolic pathways is currently the most common way 

of increasing the efficiency of safety devices. This requires development of features that 

would allow direct interaction with these elements. By having control over several 

essential genes, or their products, it is possible to simultaneously affect several 

biochemical pathways. This approach has been utilized with the recently created strains 

of E. coli that require non-biogenic amino acids for their survival (30). However in this 

case high efficiency of mechanism comes at the price of very narrow specialization. Such 

elaborate method can be applied only to heavily engineered strains that underwent 

multiple changes in their chromosome. The biosafety system would become more useful 

if it could be easily transferred between different organisms. Such versatility might 

become a necessity, since a single group of engineered strains is unlikely to become a 

standard for every molecular research in the future. Therefore safety switch would have 

to be adaptable to the various desired hosts. This feature has to be combined with a 

mechanism of inactivating selected essential genes. 

 I utilized temperature sensitive alleles of essential genes to generate a biosafety 

system that is useful in protecting humans and other mammals from potentially 

dangerous microbes. With this system the input signal that activates the safety 

mechanism is the increase in environmental temperature. Since the triggering element is a 

physical factor and not a chemical one it gives a greater independence with using 

modified strain. There is no need to consider cellular transport across the membranes or 

degradation of the inducer. Additionally the modified strains should meet the most 

important requirement expected from genetically altered organisms – they are safe for 

humans and animals. Almost all of the strains that were created during our research are 
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incapable of surviving at the temperature of human body. Furthermore since essential 

genes are mostly conserved among all domains of life it is possible to move them 

between even distantly related strains. Because these genes are involved in all the crucial 

metabolic processes they can be used to inactivate different pathways simultaneously. 

Therefore the system using temperature sensitive essential genes has the capacity to be 

universal, cheap and efficient. 

 We used the psychrophilic genomes as a source of temperature sensitive essential 

genes. These alleles have naturally evolved to function at low temperatures. This kind of 

adaptation results in decreased stability of protein, making it more susceptible to heat or 

detergent caused denaturation. Screening psychrophilic genes in order to find temperature 

sensitive alleles seems to be much more efficient method than regular in vitro 

mutagenesis. With the mutagenesis approach usually few mutations per gene are 

introduced causing random changes in the amino acid composition of the protein. Such 

changes can be easily reverted by naturally occurring single mutations. Furthermore the 

sequence alterations might have a negative effect on the overall catalytic activity of the 

enzyme. This would highly impact the fitness of the host organism, possibly rendering it 

useless. To find the best possible mutant from the randomly altered pool it would be 

necessary to perform multiple rounds of mutagenesis, each time using generated products 

as a template for another series. This would impose the necessity to analyse exponentially 

growing number of clones, which would make the entire process extremely difficult. 

While introducing purely random changes into the sequence of investigated gene seems 

to be unfeasible, the possibilities for rational design of protein are still very limited 

making it unlikely to design a properly functioning temperature sensitive protein. 
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Therefore the use of psychrophilic genes allows us to skip a major obstacle, which is 

obtaining the temperature sensitive alleles. The sequences obtained from the genomes of 

low temperature adapted organisms have been changing under selective pressure for 

millions of years, giving them a significant advantage over sequences created in 

laboratory conditions. 

 

Conclusions 

 Our research confirmed that psychrophilic genes are a good source of temperature 

sensitive alleles. I have generated a collection of 13 alleles of DNA ligase that are 

capable of generating temperature sensitivity in mesophilic organisms. Additionally these 

genes can function in both prokaryotes and simple eukaryotes like yeasts. This collection 

presents the fulfilment of our initial concept – having universal and simple mechanism of 

biocontainment. Almost all of the created strains had their restrictive temperature below 

or equal to that of the human body. As such they could be used to alter pathogenic strains 

making them safer, for people, to work with. The temperature sensitive pathogens could 

also be used as vaccines. On top of that, majority of the alleles display none or very little 

capability for mutating into temperature stable forms. This makes them reliable as safety 

devices. Finally the inactivation of ligA product causes very quick degradation of host 

genetic material and cell death. Overall the created collection of temperature sensitive 

DNA ligase alleles can be applied into multiple processes as a biosafety mechanism.  

 Investigation of some of the psychrophilic alleles revealed the limitations to our 

method. Among the analysed ligA alleles as well as psychrophilic alleles of the other 

genes we have found specimen that were highly likely to convert into temperature stable 
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forms. This seemed to occur mostly due to mutation outside of the coding region or just 

at the beginning of the coding sequence. The mutations in the other parts of the 

chromosome have not been identified. Therefore we cannot make any reasonable 

prediction regarding the nature of their influence on the psychrophilic protein. On the 

other hand the mutations occurring at the beginning of the gene can be analysed more 

deeply. The sequence changes localized at the N-terminal end of protein do not follow 

any specific pattern. I suspect that the changes actually affect the level of transcription of 

the gene. This was partially confirmed with software analysis of the sequence near RBS 

region in the native psychrophilic and mutated (i.e. temperature resistant) sequences. 

Based on this we can attempt to alter the beginning of the coding sequence so that it 

would not change into unwanted mutant as easily. Countering of the other type of 

mutations, which occurs outside of the coding region, is less feasible. It would have to 

involve more detailed analysis and possibly engineering of the host genome, which goes 

against the concept of easily applicable safety mechanism. On the other hand these 

mutations might not occur in a different genetic background. While the majority of 

investigated alleles presented sufficient level of stability, it would be beneficial to find 

means of predicting if a gene would be likely to convert into temperature resistant form. 

However currently we do not have sufficient tools. Therefore each used psychrophilic 

gene has to be analysed for its stability in a mesophilic host.  

 We found that not all psychrophilic genes are going to induce the temperature 

sensitive phenotype. Large number of alleles from different groups of psychrophilic 

bacteria failed to generate an altered strain with temperature based safety mechanism. 

Despite the success with DNA ligase we could not generate similar collection for genes 
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involved in translation or cofactor biosynthesis. Only individual alleles proved to be 

temperature sensitive. It is possible that some of the genes could not function properly in 

their new host. Therefore recombinant strain would either not be viable or had severely 

reduced fitness. This suggests the need to screen a much greater number of samples in 

order to find any specimen that meet the desired features. Our current system based on 

double homologues recombination with host chromosome is limiting us from high 

throughput analysis of many samples. Therefore we created an alternative method that 

utilizes vector shuffling as a mean of allele exchange. This approach offers a much easier 

way of introducing a new allele to the mesophilic host and immediately observing the 

changes in its phenotype. Because of the high efficiency of allele exchange we can 

recognize when new allele has a negative impact on modified organism, since we would 

observe a decrease in the exchange rate. This way we should be able to generate multiple 

temperature sensitive variants for more essential genes. 

 

Future directions 

 Psychrophilic genes could be scavenged for domain sequences to generate custom 

alleles. With a large enough set of various temperatures sensitive sequences, e.g. like our 

ligA collection, we can use individual domains of these genes to combine them with 

elements from different alleles. This way we would create a hybrid forms that would 

display phenotype different from their parent sequences. With the techniques of seamless 

DNA assembly and vector based allele exchange we could generate a greater number of 

new versions of essential genes. Such approach would make us partially independent 

from the influx of new genomic samples. Since all of the domains would come from 
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homologous sequences it should not obstruct the activity of the created enzymes. 

Additionally we could use domains obtained from mesophilic organisms and possibly 

increase restrictive temperature of particular allele. This would allow us to tune the 

phenotype of a modified strain to our desires. The only limitation for proposed method 

would be the necessity of having several temperature sensitive alleles of one gene with 

different restrictive temperature. Currently we possess sufficient number of DNA ligase 

clones to carry on with such approach. 

 Genes from different groups of psychrophiles can be used to screen for 

temperature sensitive alleles. So far we have utilized the samples of bacterial genomic 

DNA as a source of temperature sensitive sequences. However a large proportion of 

essential genes are being well conserved between all three domains of life. Additionally 

some genes involved in replication are being carried by mobile genetic elements such as 

phages and plasmids. We have already demonstrated the possibility of using 

psychrophilic DNA ligase obtained from bacteria in the yeast cells. Among all the groups 

of living organisms we can find specimens that have adapted to thrive at low 

temperatures. This would imply that their enzymes underwent a similar evolution as their 

bacterial equivalents. Especially psychrophilic bacteriophages could carry a great variety 

of useful genes. It has been previously demonstrated that a DNA ligase from T7 phage 

can rescue E. coli clone lacking its own active enzyme (153). Similar approach could be 

successful with psychrophilic genes. On top of that isolation of a large number of phage 

particles from environmental samples is not a limiting factor. This way we can generate a 

new collection of temperature sensitive alleles for at least some of the essential genes. 
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