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	Replication

Double-stranded DNA is synthesized by semiconservative replication. As the parental duplex unwinds, each strand serves as a template (ie, the source of sequence information) for DNA replication. New strands are synthesized with their bases in an order complementary to that in the preexisting strands. When synthesis is complete, each daughter molecule contains one parental strand and one newly synthesized strand.

Eukaryotic DNA

Replication of eukaryotic DNA begins at several growing points along the linear chromosome. Accurate replication of the ends of linear chromosomes requires enzymatic activities different from the normal functions associated with DNA replication. These activities may involve telomeres, specialized DNA sequences (carried on the ends of eukaryotic chromosomes) that seem to be associated with accurate replication of chromosome ends. Eukaryotes have evolved specialized machinery, called a spindle, that pulls daughter chromosomes into separate nuclei newly formed by the process of mitosis. More extensive division of nuclei by meiosis halves the chromosomal number of diploid cells to form haploid cells. Accurate segregation of chromosomes during the reductive divisions of meiosis is an important factor in maintaining chromosomal structure within a species. Frequently, the haploid cells are gametes. Formation of gametes followed by their fusion to form diploid zygotes is the primary source of genetic variability via recombination in eukaryotes.

Bacterial DNA

Bacteria lack anything resembling the complex structures associated with the segregation of eukaryotic chromosomes into different daughter nuclei. The replication of bacterial DNA begins at one point and moves in both directions (ie, bidirectional replication) from there. In the process, the two old strands of DNA are separated and used as templates to synthesize new strands (semiconservative replication). The structure where the two strands are separated and the new synthesis is occurring is referred to as the replication fork. Replication of the bacterial chromosome is tightly controlled, and the number of each chromosome (when more than one is present) per growing cell falls between one and four. Some bacterial plasmids may have as many as 30 copies in one bacterial cell, and mutations causing relaxed control of plasmid replication can result in even higher copy numbers.

The replication of circular double-stranded bacterial DNA begins at the ori locus and involves interactions with several proteins. In E coli, chromosome replication terminates in a region called ter. The origin (ori) and termination sites (ter) for replication are located at opposite points on the circular DNA chromosome. The two daughter chromosomes are separated, or resolved, before cell division, so that each progeny gets one of the daughter DNAs. This can be accomplished with the aid of topoisomerases or by recombination. Similar processes lead to the replication of plasmid DNA, except that in some cases replication is unidirectional.

Transposons

Transposons do not carry the genetic information required to couple their own replication to cell division, and their propagation therefore depends on their physical integration with a bacterial replicon. This association is fostered by the ability of transposons to form copies of themselves, which may be inserted within the same replicon or may be integrated into another replicon. The specificity of sequence at the insertion site is generally low, so that transposons often seem to insert in a random pattern. Many plasmids are transferred among bacterial cells, and insertion of a transposon into such a plasmid can lead to its dissemination throughout a population.

Phage

Bacteriophages exhibit considerable diversity in the nature of their nucleic acid, and this diversity is reflected in different modes of replication. Fundamentally different propagation strategies are exhibited by lytic and temperate phages. Lytic phages produce many copies of themselves in a single burst of growth. Temperate phages establish themselves as prophages either by becoming part of an established replicon or by forming an independent replicon.

The double-stranded DNA of many lytic phages is linear, and the first stage in their replication is the formation of circular DNA. This process depends upon cohesive ends, complementary single-stranded tails of DNA that hybridize. Ligation, formation of a phosphodiester bond between the tails, gives rise to covalently bonded circular DNA that may undergo replication in a manner similar to that used for other replicons. Cleavage of the circles produces linear DNA that is packaged inside protein coats to form daughter phages.

The single-stranded DNA of filamentous phages is converted to a circular double-stranded replicative form. One strand of the replicative form is used as a template in a continuous process that produces single-stranded DNA. The template is a rolling circle, and the single-stranded DNA it produces is cleaved and packaged with protein for extracellular extrusion.

Represented among the single-stranded RNA phages are the smallest extracellular particles containing information that allows for their own replication. The RNA of phage MS2, for example, contains (in fewer than 4000 nucleotides) three genes that can act as mRNA following infection. One gene encodes the coat protein, and another encodes an RNA polymerase that forms a double-stranded RNA replicative form. Single-stranded RNA produced from the replicative form is the core of new infective particles. The mechanism of propagation of RNA bacteriophage via RNA intermediates contrasts strongly with propagation of retroviruses, animal RNA viruses that use RNA as a template for DNA synthesis.

Some temperate bacteriophages, exemplified by E coli phage P1, can be established in the prophage state as plasmids. The double-stranded DNA of other temperate bacteriophages is established as prophage by its insertion into the host chromosome. The site of insertion may be quite specific, as exemplified by integration of E coli phage [image: image1]at a single int locus on the bacterial chromosome. The specificity of integration is determined by identity of the shared DNA sequence by the int locus and a corresponding region of the phage genome. Other temperate phages, such as E coli phage Mu, integrate in any of a wide range of chromosomal sites and in this respect resemble transposons.

Prophages contain genes required for lytic replication (also called vegetative replication), and expression of these genes is repressed during maintenance of the prophage state. A manifestation of repression is that established prophage frequently confers cellular immunity against lytic infection by similar phage. A cascade of molecular interactions triggers derepression (release from repression), so that a prophage undergoes vegetative replication, leading to formation of a burst of infectious particles. Artificial stimuli such as ultraviolet light may cause depression of prophage. The switch between lysogeny—propagation of the phage genome with the host—and vegetative phage growth at the expense of the cell may be determined in part by the cell's physiologic state. A nongrowing cell will not support vegetative growth of phage, whereas a vigorously growing cell contains sufficient energy and building blocks to support rapid phage replication.


	Transfer of DNA

Interstrain transfer of DNA among prokaryotes is widespread and makes a major contribution to the remarkable genetic diversity of bacteria. Genetic recombination among bacteria is quite unlike the fusion of zygotes observed with eukaryotes. Bacterial genetic exchange is typified by transfer of a relatively small fragment of a donor genome to a recipient cell. Successful genetic recombination demands that this donor DNA be replicated in the recombinant organism. Replication can be achieved either by integration of the donor DNA into the recipient's replicon or by establishment of donor DNA as an independent replicon.

Restriction & Other Constraints on Gene Transfer

Restriction enzymes (restriction endonucleases) provide bacteria with a mechanism to distinguish between their own DNA and DNA from other biologic sources. These enzymes hydrolyze DNA at restriction sites determined by specific DNA sequences ranging from four to 13 bases. In this specificity of sequence recognition lies the selectivity of DNA fragment preparation that is the foundation of much genetic engineering. Each bacterial strain that possesses a restriction system is able also to disguise these recognition sites in its own DNA by modifying them through methylation of an adenine or cytosine residue within the site. These restriction-modification systems fall into two broad classes: type I systems, in which the restriction and modification activities are combined in a single multisubunit protein, and type II systems, which consist of separate endonucleases and methylases. A direct biologic consequence of restriction can be cleavage of donor DNA before it has an opportunity to become established as part of a recombinant replicon. Therefore, many recipients used in genetic engineering are dysfunctional in the res genes associated with restriction.

Some plasmids exhibit a narrow host range and are able to replicate only in a closely related set of bacteria. Other plasmids, exemplified by some drug resistance plasmids, replicate in a wide range of bacterial recombinants. However, not all types of plasmids can stably coexist in a cell. Some types will interfere with the replication or partitioning of another type, so that if two such plasmids are introduced into the same cell, one or the other will be lost at a higher than normal rate when the cell divides. The phenomenon is called plasmid incompatibility; two plasmids that cannot stably coexist belong to the same incompatibility (Inc) group, while two plasmids that can stably coexist belong to different Inc groups.

Mechanisms of Recombination

Donor DNA that does not carry information necessary for its own replication must recombine with recipient DNA in order to become established in a recipient strain. The recombination may be homologous, a consequence of close similarity in the sequences of donor and recipient DNA, or nonhomologous, the result of enzyme-catalyzed recombination between dissimilar DNA sequences. Homologous recombination almost always involves exchange between genes that share common ancestry. The process requires a set of genes designated rec, and dysfunctions in these genes give rise to bacteria that can maintain closely homologous genes in the absence of recombination. Nonhomologous recombination depends on enzymes encoded by the integrated DNA and is most clearly exemplified by the insertion of DNA into a recipient to form a copy of a donor transposon.

The mechanism of recombination mediated by rec gene products is reciprocal: Introduction of a donor sequence into a recipient is mirrored by transfer of the homologous recipient sequence into the donor DNA. Increasing scientific attention is being paid to the role of gene conversion—the nonreciprocal transfer of DNA sequences from donor to recipient—in the acquisition of genetic diversity.
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