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Preface 

Gene therapy and vaccination with nucleic acids is one of the most striking 
innovations in medical and veterinary sciences. The treatment of a disease on 
the level of genes rather than on the phenotype level is a promising option to obtain 
enhanced therapeutics. 

The pharmaceutical application of genetic material - modified so as to become 
the so-called active pharmaceutical ingredient (API) - requires developments in 
biotechnology and pharmacy to obtain systems for the transfer and expression of 
the API at the right place and time, resulting in the appropriate effects on the or- 
ganism or cell. The vector for such gene transfer may be as simple as a short piece 
of DNA. For years now geneticists have been working with plasmids, and the 
recent developments in vector design and manufacturing point to potent thera- 
peutics and vaccines. 

In chapters 1 and 2 the background of plasmids is summarized and their struc- 
tures are presented, since these well-known molecules still have had an unknown 
potency decades after their discovery. Their different size and structure turned out 
to be of importance for their function, and the characterization of an API made 
from DNA required a complete set of quality assurance in manufacturing and 
quality control. These aspects are explained in chapters 11 and 12. 

Detailed examples of clinical applications are presented in chapters 4- 6, provid- 
ing an overview of the wide range of preventive and medical applications using 
plasmid DNA. In chapters 3 and 5, recent overviews on DNA vaccination are pres- 
ented which should help to oversee the rapid development and published literature 
in the application of nucleic acid vaccines. Regulatory and quality assurance as- 
pects of such new drugs are considered in chapter 13. 

Chapters 7-9 describe modified vector systems based on plasmids, as well as the 
potency of genomic research and vector design by informatics. The link between 
genomics and the function of genomic information necessarily requires nucleic 
acids. 

One example of veterinary health care is presented in chapter 10. The develop- 
ment of veterinary vaccines still requires some effort and the recent worldwide 
discussion on BSE in (at least) cattle makes obvious that health care in animals 
is also health care for humans. However, the treatment of animals grown for 
food production raise further questions on the aspect of genetically modified food. 
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Plasmid production on an industrial scale is necessarily linked to the question 

of the expected market size. Chapter 14 guides through the history of gene drug 
development and the expectations in todays’ and future pharmaceutical markets. 

The development and preclinical testing of therapeutic or preventive plasmid 
pharmaceuticals is right at its beginning. The vision of individualized medical 
treatment might become reality with this type of drug system. The option to 
have major improvement in comparison to conventional drugs attracts research, 
industry and politics and is a challenge for all disciplines involved - from genomics 
to clinical application. 

Finally, I wish to thank Karin Dembowsky from Wiley-VCH for her continuous 
collaboration with this project and all authors who contributed to this book, to 
make it what I hope it will be: A recent overview on the field and a guide through 
an area of useful innovation. 

Bielefeld, January 2001 Martin Schleef 
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1 
The Biology of Plasmids 

Wolfgang Schumann 

1 

Introduction: What are plasmids? 

Plasmids are autonomously replicating entities which can be found essentially in 
all bacterial species and which play a significant role in bacterial adaptation and 
evolution. Furthermore, plasmids are studied for their own sake and serve as im- 
portant tools in studies of molecular biology. Plasmids are normally circular, al- 
though linear forms have also been described and vary widely in size from 1 kb 
to 200 kb. Larger plasmids of up to 1,000 kb termed megaplasmids have also 
been identified. The copy number per chromosome also varies among plasmids, 
and bacterial cells can carry more than one type. 

Like chromosomes, plasmids code for RNA molecules and proteins, replicate as 
the cell grows, and equal numbers are normally distributed to the two daughter 
cells upon cell division. However, plasmids do not code for functions which are es- 
sential to bacterial growth in the absence of any stressful situation, e. g., in the ab- 
sence of an antibiotic. 

The first plasmids which have been described were named after their presence of 
known phenotypes. Therefore, the first plasmid discovered in the early 50s of the 
last century has been designated F factor which stands for fertility since this plas- 
mid is involved in the exchange of genetic information in Escherichia coli and re- 
lated Enterobacteriaceae. In the late 1950s, so-called R factor plasmids have been 
discovered in Japan, when E. coli and Shigellu strains resistant to a number of anti- 
biotics were isolated from the fecal flora of patients. The ColEl plasmid harbors a 
gene the product of which named colicin E l  can kill bacteria not carrying this plas- 
mid. The Ti plasmid of Agrobacteriurn tumefaciens contains genes which can be 
transferred to plant cells where they induce tumors. 

This system of nomenclature has led to some confusion since several plasmids 
carry genes coding for phenotypes different from that for which they were origin- 
ally named. To avoid further confusion, the nomenclature of bacterial plasmids has 
now been standardized. Plasmid names start with a small “p” for plasmid followed 
by capital letters that either describe the plasmid or the location where it has been 
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constructed or give the initials of the person or persons who isolated or constructed 
it. These letters are then followed by numbers to identify the particular construct. 
To give two examples, the plasmid pBR322 was constructed by Bolivar and Rodri- 
guez, pUC19 stands for University of California. 

Why are there plasmids? If plasmid genes, such as those for antibiotic resistance 
and toxin synthesis, were part of the chromosome all cells would benefit from 
those genes. There is one disadvantage and one advantage to explain the presence 
of plasmids. The disadvantage is that the bacteria would have the burden to repli- 
cate and to maintain a larger chromosome. And we know from experiments that 
bacterial cells with smaller genomes will outgrow those with larger ones, and bac- 
terial cells without a plasmid will outcompete those with a plasmid, provided that 
the plasmid function(s) is not needed. The advantage of having plasmids is that 
genetic information not essential for growth under all conditions can be easily dis- 
tributed among cells of a population and even to cells of other species depending 
on the host range of the plasmids. While some have a very narrow host range (e. g., 
enteric species) others can be transferred to and replicated into all gram-negative 
species. 

The presence of plasmids in a bacterial host can change its phenotype in a vari- 
ety of ways. Four basic groups of plasmid genes have been determined: 

1. Determinants involved in plasmid replication and segregation to daughter cells: 
These determinants control plasmid characteristics such as copy number per 
chromosome, incompatibility and host range. 

These control plasmid transmissibility and associated characteristics of the 
plasmid-bearing strain, such as sensitivity to donor-specific phages. 

3. Determinants which regulate interactions with other replicons and extra- 
chromosomal elements: 
These include plasmid sequences involved in chromosome mobilization and 
genes the products of which inhibit the fertility of other conjugative plasmids 
in the same host, inhibit the growth of specific bacteriophages, or prevent 
the host from acting as a recipient in conjugal crosses (surface exclusion). 

4. Determinants which affect the interaction of the plasmid-bearing cell with the 
environment: 
These include genes for bacteriocin production and immunity, adhesion and 
pathogenicity factors, resistance to antibacterial agents (antibiotics, ions and 
radiation), and metabolism of environmental substrates (sugars, organic 
acids, aromatic and aliphatic hydrocarbons, detergents and pesticides). 

I 

2. Conjugational transfer determinants: 

2 

General properties of  plasmids 

Important properties of bacterial plasmids are strict control of their replication to 
achieve stable coexistence with its host. Besides control of the copy number, plas- 
mids must be equally segregated into the two daughter cells, especially when they 
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are present in a few copies only. Since bacterial cells can take up and inherit more 
than one plasmid, what will happen if two plasmids belong to the same incompat- 
ibility group? All plasmids can be transferred to other cells of the same or of other 
species. Conjugative plasmids code for the genetic information to catalyze their 
own transfer from the donor to the recipient cell. Mobilizeable plasmids need 
the presence of a conjugative plasmid within the same cell to achieve transfer to 
the recipient cell. 

2.1 
Plasmid replication and its control 

When the bacterial cell grows, it replicates its chromosome(s) while plasmids pres- 
ent within the cell are also replicated. While autonomous replication of plasmids is 
a fundamental characteristic, they must synchronize their replication with the divi- 
sion of the host. To guarantee stable coexistence with its host, each plasmid must 
replicate, on the average, once every generation. 

Each plasmid normally has one origin of replication, or oriV site where replica- 
tion begins. In addition, the plasmid must encode at least one protein that enables 
replication to initiate at the oriVsite. All other required proteins such as DNA poly- 
merase, ligase, primase and helicase are taken from the host cell. Each type of plas- 
mid replicates by one of two general mechanisms: theta or rolling circle replica- 
tion. 

Plasmids replicating via the theta mechanism start by opening the two strands of 
DNA at the oriV region, creating a structure that looks like the Greek letter 8 - 
hence the name theta replication. Replication can proceed from the oriV in one 
or in both directions depending on the plasmid. In the first case, one leading prim- 
er is synthesized by the primase which is extended by DNA polymerase 111, and 
one replication fork moves around the whole plasmid DNA (unidirectional replica- 
tion). In the second case, two leading primers are synthesized within the oriV re- 
gion, two replication forks start in opposite directions at the oriV which meet some- 
where on the other side of the molecule (bidirectional replication). The theta 
mechanism is the most common form of plasmid DNA replication. It is used by 
most plasmids such as ColE1, RP4, F factor and P1 prophage. 

In the other type of replication, a single-strand break (nick) is introduced in one 
strand of the double-stranded plasmid at the so-called plus origin. The free 3' OH 
end serves as a primer, and replication proceeds around the circle, displacing the 
opposite or minus strand. On the displaced strand, replication initiates at specific 
sites, minus-strand origins, to synthesize the second strand. With some plasmids 
minus-strand origins do not function properly resulting in the accumulation of 
single-stranded plasmids. These aberrant forms of single-stranded plasmids are 
found in some gram-positive plasmids such as pUBllO and pC194 from Staphylo- 
coccus aureus. 

In most plasmids, the genes coding for replication proteins are located adjacent 
to the on% Thus, only a very small region surrounding the plasmid oriv site is 
required for replication. This finding prompted the construction of relatively 
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small cloning vectors by using the essential backbone of prototype plasmids (see 
below). 

The host range of a plasmid includes all types of bacteria in which the plasmid 
can replicate, and the host range is usually determined by the oriv region. Some 
plasmids such as ColEl and the derived cloning vectors pBR322 and pUC have 
very narrow host ranges. These plasmids will replicate only in E. coli and closely 
related bacteria belonging to the group of Enterobacteriae. In contrast, plasmids 
with a broad host range include RP4, RSFlOlO and the rolling circle plasmids of 
gram-positive bacteria. Plasmids with the host range of RP4 will replicate in 
most, if not all gram-negative bacteria and RSFlOlO will even replicate in some 
types of gram-positive bacteria. Broad-host range plasmids must encode all of 
their own proteins required for initiation of replication, therefore being indepen- 
dent from the host cell for any of these functions. Furthermore, they must be 
able to express these genes in many types of bacteria. This means that the promo- 
ters and ribosome initiation sites for the replication genes will be recognized in a 
wide variety of bacterial species. 

The copy number of plasmids is determined mostly by their orivregion. All plas- 
mids must regulate their replication. While some plasmids replicate enough to po- 
pulate the cell with hundreds of copies, others such as the F plasmid of E. coli or 
the P1 prophage replicate only once or a few times during the cell cycle. Plasmids 
that have high copy numbers, such as ColE1, only need to have a mechanism that 
inhibits the initiation of plasmid replication when the copy number of plasmids in 
the cell reaches a certain number. These molecules are called relaxed plnsmids. By 
contrast, low-copy number plasmids must have a tighter mechanism for regulating 
their replication and are therefore called stringent plasmids. Replication is controlled 
by the plasmid itself. Three different strategies will be discussed: regulation by 
RNA, regulation by RNA and protein and regulation by a protein. 

Replication of ColEl is regulated through the effects of a small plasmid-encoded 
RNA called RNA I. This 108 nt long RNA inhibits plasmid replication by interfer- 
ing with the processing of another RNA called RNA I1 which serves as the primer 
for plasmid DNA replication (Figure 1). This RNA is first synthesized as an about 
550 nt preprimer and forms an RNA-DNA hybrid at the replication origin. Then, 
RNA I1 is cleaved by RNase H specific for DNA-RNA hybrids, releasing a 3’ hydro- 
xyl group that serves as the primer for replication catalyzed by DNA polymerase I. 
RNA I1 will only function as a primer when it is processed properly. RNA I and 
RNA I1 are complementary to each other, since they are made from the same re- 
gion of the DNA, but from opposite strands. Both RNAs can base pair to form a 
double-stranded RNA helix, and this helix is refractory to processing. In addition, 
base pairing between RNA I and RNA I1 is enhanced by the homodimeric Rom 
protein, a trans-acting inhibitor of replication. Rom increases the rate at which 
RNA I binds to the preprimer transcript by stabilizing the initial complex between 
the two RNAs. RNA I is rapidly synthesized and is extremely unstable (tl,* = 2 min) 
and this instability is related to polyadenylation carried out by poly(A) polymerase I. 
More RNA I will be made when the copy number of ColEl increases maintaining 
the number of ColEl molecules at around 20 per cell. 

I 



1 5  
7 The Biology of Plasmids 

oriV 
A 

-550 -300 -100 +I 

3’ _ _ _ _ _ _ -  
t 5’ 

RNA II 

RNase H 

oriV 
B 

-550 -300 -100 +I 

RNA II 
5‘ 

RNA I 
Fig. 1. Regulation of replication initiation of 
the ColEl plasmid. (A) Replication is initiated 
by synthesis of a primer by the RNA polymerase 
where its 5 ’  end i s  located 555 nucleotides 
upstream o f  the oriV and i t s  3’ end is variable; 
this primer RNA has been designated RNA II. 
Next, RNase H (an RNase which specifically 
recognizes DNA-RNA hybrids) processes 
these RNA II molecules o f  heterogenous 

length so that their 3’ ends are located within 
the oriV which are then elongated by DNA 
polymerase I. (B) Processing of RNA II can be 
inhibited by interaction with RNA I which is 
derived from the complementary DNA strand 
and acts as an antisense RNA. Initial contact 
between RNA I and RNA II occurs via loops of 
their secondary structures also called the 
kissing complex. 

Another extensively studied plasmid is R 1  where the copy number is regulated 
by RNA and protein. Initiation of replication is regulated by the RepA protein. 
The repA gene is transcribed from two promoters, one of them, PcopB, transcribes 
copB and repA and the second, Prep*, located within copB makes an mRNA that en- 
codes only the RepA protein. When the R1 plasmid enters a cell, a short burst of 
synthesis of RepA from PrepA causes the plasmid to replicate until it attains its copy 
number. Then, PrepA is repressed by the CopB protein, and the repA gene can be 
transcribed only from the PcopB promoter. Once the plasmid has attained its copy 
number, the regulation of synthesis of RepA is regulated by an RNA called 
CopA. The copA gene is transcribed from its own promoter located within repA 
and reading into the opposite direction and the RNA product affects the stability 
of the mRNA made from PcopB. Since both RNAs are complementary, they can 
pair and, therefore, prevent binding of the ribosomes to the Shine-Dalgarno se- 
quence of the repA. In summary, the replication of R1 will be regulated by the con- 
centration of CopA RNA which in turn will depend on the concentration of the 
plasmid. The higher the concentration of the plasmid, the more CopA RNA will 
be made and the less RepA protein will be synthesized maintaining the plasmid 
copy number. 
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The third strategy regulates replication by a protein. This mechanism is used by 
the F factor, the P1  prophage and by pSC101, RGIC and RP4. The oriVregion of 
these plasmids contains several tandem DNA repeats termed the iteron sequences 
which are typically 17 bp to 22 bp long and exist in about three to seven tandem 
repeats in the oriV region. Additionally, there usually are copies of these repeated 
sequences a short distance apart. The plasmid pSClOl contains within oriV region 
the gene repA coding for the protein required for initiation of replication, and three 
repeated iteron sequences called R1, R2 and R3 through which RepA regulates the 
copy number. Iteron replication is regulated by two superimposed mechanisms. 
First, the RepA protein represses its own synthesis by binding to the inverted re- 
peats IR1 and IR2 to autoregulate its own gene. The higher the concentration of 
pSClOl within the cell, the more RepA will be synthesized leading to a stronger 
repression. Therefore, the concentration of RepA protein is maintained within 
narrow limits, and the initiation of replication is strictly regulated. 

In the second mechanism, RepA regulates the initiation of replication through 
binding to the three iterons. While binding of RepA to only one iteron favors in- 
itiation of replication, binding to all three represses replication. Furthermore, if 
all three iterons are occupied two plasmids can interact via the RepA molecules, 
and this is called the coupling or handcuffing model. 

I 

2.2 
The molecular basis of incompatibility 

Many bacteria isolated from their natural habitat carry more than one type of plas- 
mid which stably coexist in the bacterial cell and remain there even after many 
generations. However, not all types of plasmids can stably coexist in bacterial 
cells. Some types will interfere with each other’s replication or partitioning so 
that if two such plasrnids are introduced into the same cell, one or the other 
will be lost when the cells divide. This phenomenon is called plasmid incompatibil- 
ity. Two plasmids A and B are compatible with each other when they stably coexist 
in the same cell in the absence of selective pressure. If plasmid A excludes plasmid 
B from the cell, both plasmids are incompatible with each other. This finding has 
led to the classification of plasrnids into different incompatibility (Inc) groups. 
There may be hundreds of different Inc groups, and, e.g., plasmids RP4 and 
RK2 both belong to the IncP (incompatibility group P) while RSPlOlO is an 
IncQ plasmid. This means that RP4 and RSFlOlO can be stably maintained within 
one single cell since they belong to different incompatibility groups. The know- 
ledge about the Inc phenotype of plasmids is important in gene technology experi- 
ments when more than one plasmid is used per cell. 

What is known about the molecular basis of incompatibility? Plasmids will be 
incompatible when they either share the same mechanism of replication control 
or the same par (partitioning) function. If two plasmids are replicated by the 
same replication control system, they are randomly selected for replication. 
Assuming that a cell starts with two plasmids A and B belonging to the same in- 
compatibility group which are both present in ten copies each, during the first re- 
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plication round the cell will select seven copies of A which are each replicated four 
times summing up to 28 copies in total. Furthermore, three copies of B are selected 
and replicated four times each totaling to twelve copies of B which are then distrib- 
uted to the two daughter cells. During the next replication round this imbalance is 
further increased, and after a few generations, plasmid B gets lost from the popu- 
lation. In general, the smaller plasmid is retained while the larger plasmid will dis- 
appear. The reason for this finding is that the smaller plasmid is replicated faster 
than the larger one and, therefore, has a better chance to be reused for the next 
replication round. 

The second molecular basis for incompatibility is based on the par function. 
Many plasmids, especially those with a low copy number, carry partitioning systems 
ensuring that at least one copy of the plasmid segregates into each daughter cell 
during cell division. The genetic determinants have been termed par functions. 
In the case of the P1 plasmid, the par region consists of the cis-acting incB se- 
quence and the two genes parA and parB. How do the partitioning functions oper- 
ate? The following model has been suggested: The incB site binds three molecules 
of the 39 ltDa ParB protein. Two molecules interact with a perfect 13 bp palin- 
drome and the third binds to a region separated from the palindrome by a recogni- 
tion site for the IHF (integration host factor). The IHF is a host-encoded heterodi- 
rneric protein which bends the DNA by 140 O upon binding, thereby bringing all 
three ParB molecules in close proximity This complex then interacts with the 
membrane at the division site. ParA belongs to the group of ATPases and binds 
close to the incB site. Possibly, ATP hydrolysis by the ParA-ParB incB complex pro- 
vides the energy to separate the products of plasmid replication in a process ana- 
logous to mitosis in eukaryotic cells. When two plasmids A and B share the same 
par function, one or the other will always interact with the membrane site and be 
distributed into the daughter cell during division while the other will randomly 
segregate into one of the two daughter cells. However, sometimes one daughter 
cell will receive plasmid A and the other cell will receive plasmid B, producing 
cells cured of one or the other plasmid. 

2.3 

Plasmid inheritance 

Cells that have lost their plasmid during cell division are said to be cured of the 
plasmid. Since cells without plasmids will grow a little faster than those carrying 
plasmids within a population, several mechanisms prevent curing: site-specific 
recombinases that destroy multirners and addiction systems. 

The possibility of losing a plasmid during cell division is increased, if the plas- 
mid forms multimers during replication or via homologous replication. Since the 
total number of origins will always be the same independent whether they occur 
on many monomers or a few multimers, multimers will increase the chance 
that daughter cells arise without the plasmid, since a few multirners might segre- 
gate within just one daughter cell. To avoid this problem, many plasmids have 
aquired site-specific recombination systems to resolve multimers. These resolution 
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systems are composed of a site-specific recombinase and a short DNA sequence 
(about 30 bp) to which the recombinase binds. The principle of monomerization 
will be illustrated with two examples: P1 prophage and ColE1. 

Prophage P1 codes for the sequence-specific Cre recombinase which interacts 
with the loxP sequence. When two P1 monomers form a dimer, the two loxP se- 
quences occur as direct repeats. The Cre recombinase will bind to both of them, 
align both sequences, carry out recombination and thereby resolve the dimer 
into two monomers. Another example is ColEl where the resolution site is called 
cer. This cis-acting 240 bp DNA recombination sequence is recognized by the two 
site-specific recombinases XerC and XerD which are encoded by the E. coli chromo- 
some. Here this recombination system also resolves ColEl multimers into mono- 
mers. 

Some plasmids code for a system which kills cured cells to prevent their dis- 
appearance from a culture due to faster growth of plasmidless cells. These systems 
are called addiction or post-segregational killing systems and consist of two compo- 
nents. While one component is always a protein toxic to the cell, the other is either 
an antisense RNA or a second protein. The antisense RNA prevents translation of 
the mRNA coding for the toxic protein, and the second protein interacts with the 
toxic protein thereby preventing its lethal action. As long as the cell carries the plas- 
mid, action of the toxic protein is prevented due to the antidote. When a daughter 
cell without the plasmid arises, the toxic protein becomes active due to the shorter 
half-life of either the antisense RNA or the second protein. The F factor codes for 
the antidote CcdA (coupled cell division), a 8.3 kDa polypeptide and the toxic pro- 
tein CcdB (11.7 kDa). The CcdB toxin alters the activity of DNA gyrase and causes 
double-stranded breaks in the bacterial chromosome. The addiction system of 
plasmid R1 consists of the two genes hok (host killing) and sok (suppression gf kill- 
ing). They are encoded on opposite strands with a 128 bp overlap at their 5' ends. 
While the Hok polypeptide (5.5 kDa; destroys the cellular membrane potential 
thereby causing loss of cellular energy) is responsible for the host cell killing, 
sok codes for an antisense RNA which prevents translation of the hok mRNA. 

1 

2.4 
Mechanisms of  plasmid spread 

The most important characteristic of plasmids is their ability to transfer themselves 
to other cells of the same or even different bacterial species. These mechanisms are 
called conjugation and mobilization and will be described in detail. Besides this 
mechanism of self-transmission, plasmids released from lysed cells can also be 
taken up by surrounding cells in a process termed transformation. And the me- 
chanims of plasmid spread involve phages which may package plasmid DNA 
into their heads and inject them into new hosts. We will consider here only the 
conjugative mechanisms which need genetic information encoded by the plasmid 
itself. 
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2.4.1 Conjugation in gram-negative bacteria 
One remarkable feature of some plasmids is the ability to transfer themselves from 
one cell to another in a process called conjugation. This process was discovered in 
1947, when mixing different of E. coli strains resulted in strains that were geneti- 
cally different from their originals. Later, it was discovered that conjugative plas- 
mids can cause the transfer of non-conjugative plasmids into other cells. This pro- 
cess was termed mobilization. 

During conjugation or mobilization, a plasmid is transferred from the donor to 
the recipient cell, and the recipient bacterium that has received DNA is called 
trans- or exconjugant. Conjugative plasmids in gram-negative bacteria such as in 
E. coli need three different genetic elements for successful transfer of their 
DNA. These are the cis-active oriT (&gin of transfer), the tra (transfer) and the 
mob (mobilization) genes. The process of conjugation will be illustrated with the 
example of the F factor, the most extensively studied conjugative plasmid with a 
size of 100 kb. Plasmid transfer specifically initiates at the oriT site which is 
about 250 bp long and is recognized by the TraI protein (in general called Mob pro- 
tein) which introduces a single-strand break in one strand at a specific site. Then, 
the TraI protein is covalently linked to via a tyrosine residue to the 5’ phosphoryl 
group and acts as a 5’-3’ helicase to unwind the donor duplex. At the same time, 
DNA polymerase I11 binds to the free 3’ end to start replication, and the displaced 
strand is transferred to the recipient strain. 

Transfer needs close contact between the donor and the recipient cell. This is ac- 
complished by the F or sex $us, an appendage of the cell surface of the donor cell. 
At least 14 tru genes are involved in construction of the F pilus, a hollow cylinder of 
8 nm in diameter with a 2 nm axial hole. The pilus is constructed from pilin sub- 
units which are encoded by traA and processed by the product of traQ. After the 
initial contact between the tip of the pilus and the recipient cell, the pilus retracts 
by depolymerization and thereby brings donor and recipient into close contact. 
Transfer of the single-stranded DNA occurs either through the hallow pilus or 
through the membranes of the two attached cells. It has to be stressed that the 
donor cell contains several pili on its outer surface enabling one donor to make 
contact with several recipient cells leading to the formation of mating aggregates. 
When the complete single-strand DNA molecule has arrived within the recipient, 
the bound TraI protein acts as a DNA ligase, seals the two ends and dissociates 
from the circular molecule which is then converted to a double-stranded molecule. 
In summary, the TraI protein has three enzymatic activities: sequence-specific en- 
donuclease, helicase and DNA ligase. It should be mentioned here that the F pilus 
serves as a receptor for filamentous phages such as M13 and fl ,  which are used in 
gene technology experiments. These phages package single-stranded DNA and are 
used as vectors whenever single-stranded DNA is needed, e. g., during sequence- 
specific mutagenesis. 

Besides replicating as an autonomous replicon, the F factor can also become in- 
tegrated into the E. coli chromosome leading to an Hj’? strain (high frequency of 
yecombination). Two different mechanisms are responsible for recombination of 
the F factor into the chromosome, and both depend on one of the three IS (jnser- 


