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Abstract 

Probably no group of organisms has been as important as bacteriophages 
when it comes to the understanding of fundamental biological processes like 
transcriptional control, DNA replication, site-specific recombination, e.t.c. 

The work presented in this thesis is a contribution towards the complete 
understanding of these organisms. Two proteins, integrase, and Cox, which 
are important for the choice of the life mode of bacteriophage P2, are inves-
tigated. P2 is a temperate phage, i.e. it can either insert its DNA into the host 
chromosome (by site-specific recombination) and wait (lysogeny), or it can 
produce new progeny with the help of the host protein machinery and there-
after lyse the cell (lytic cycle). The integrase protein is necessary for the 
integration and excision of the phage genome. The Cox protein is involved 
as a directional factor in the site-specific recombination, where it stimulates 
excision and inhibits integration. It has been shown that the Cox protein also 
is important for the choice of the lytic cycle. The choice of life mode is regu-
lated on a transcriptional level, where two mutually exclusive promoters 
direct whether the lytic cycle (Pe) or lysogeny (Pc) is chosen. The Cox pro-
tein has been shown to repress the Pc promoter and thereby making tran-
scription from the Pe promoter possible, leading to the lytic cycle. Further, 
the Cox protein can function as a transcriptional activator on the parasite 
phage, P4. P4 has gained the ability to adopt the P2 protein machinery to its 
own purposes.  

In this work the importance of the native size for biologically active inte-
grase and Cox proteins has been determined. Further, structure-function 
analyses of the two proteins have been performed with focus on the protein-
protein interfaces. In addition it is shown that P2 Cox and the P2 relative 
WΦ Cox changes the DNA topology upon specific binding. From the ob-
tained results a mechanism for P2 Cox-DNA interaction is discussed.  

The results from this thesis can be used in the development of a gene de-
livery system based on the P2 site-specific recombination system. 
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Abbreviations 

aa amino acids 
attB Attachment site, bacterium 
attP Attachment site, phage 
Bp Base pair 
CAT Chloramphenicol acetyltransferas 
CFU Colony forming units 
Cox Control of excision 
CTD c-terminal domain 
DSR Downstream sequence region 
EMSA Electromobility shift assay 
HTH Helix-turn-helix 
IHF Integration host factor 
Int Integrase 
kDa Kilo Dalton 
Kb Kilo base 
mRNA  Messenger ribonucleic acid 
mIHF Mycobaterial integration host factor 
Nt  nucleotides 
NTP Nuclotide tri phosphate 
ORF Open reading frame 
PAGE Polyacryl amide gel electrophoresis 
PFU Plaque forming units 
pI Isoelectric point 
RDF Recombinational direction factor 
RNAP RNA-polymerase 
SDS Sodium dodecyl sulfate 
Wt Wild type 
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Introduction 

During World War I, while ferocious battles were fought in central Europe, 
two scientists, Frederick Twort and Felix d´Herelle discovered viruses that 
can grow on bacteria. D´Herelle named the agents bacteriophages (“bacte-
rium eaters”).  

As a researcher in Institut Pasteur, d´Herelle was asked to investigate the 
outbreak of dysentery which was afflicting soldiers engaged in fighting 
World War I. He found the cause of the disease (Shigella), but did also no-
tice that clear areas could be seen on plates of bacteria. He performed a di-
rect test, where he took the material from a plaque and mixed it with a flask 
containing growing bacteria. 

“The next morning, on opening the incubator, I experienced one of those 
moments of intense emotion which reward the research worker for all his 
pains: at the first glance I saw that the culture which the night before had 
been very turbid, was perfectly clear: all the bacteria had vanished, they had 
dissolved away like sugar in water. As for the agar spread, it was devoid of 
all growth and what caused my emotion was that in a flash I understood: 
what caused my clear spots was in fact an invisible microbe, a filterable 
virus, but a virus which is parasitic on bacteria” (From: The bacteriophage 
by Dr. Felix d´Herelle, Science News 14: 44-59 (1949). Translation by J.L. 
Crammer). 

Science is beautiful! 
It is also notable that the same year (1917), when d´Herelle was inten-

sively working on finding vaccines to save lives, not far away (Flandern), 
400 000 soldiers died while advancing 8 (!) km in 3 months.  

 
However, since the discovery of bacteriophages, they have been at the 

forefront of molecular biological research, both as model systems and as 
biological tool boxes. They are also interesting when studying bacterial viru-
lence and evolution and for their potential for treating bacterial infections. 
The diversity of the genome sizes ranges from 4 kb to 600 kb (19). It is pre-
dicted that there are 100 million phage species, and in the order of 
10 000 000 000 000 000 000 000 000 000 000 phages in the world (134).   

One interesting bacteriophage derived biotechnology is the use of inte-
grases of temperate bacteriophages for the engineering of mammalian cells. 
The aim is to be able to insert DNA into specific sites in the genome of 
mammalian cells, and thereby enable effective gene transfer and safe gene 



 12

therapy. There is a vast amount of research remaining to understand the 
mechanisms for site-specific recombination and for how they could be de-
signed to work in mammalian systems. The work presented in this thesis is a 
contribution to the overall knowledge of bacteriophages and biological inter-
actions, with a focus on site-specific recombination and transcriptional regu-
lation. 

 
 



 13 

Background 

Bacteriophage P2 
In 1951 G. Bertani isolated Bacteriophage P2 from the Lisbonne and Car-

rère strain of Escherichia coli (11). Over 55 years has past since then and a 
large number of P2 like phages have been isolated. Some of the more studied 
P2 like phages are 186, HP1, HK239, and WΦ, but P2 is still the most well 
characterized member of this family. Some intensively studied areas of 
phage P2 include site-specific recombination, gene regulation, DNA replica-
tion, phage exclusion and virion assembly.  

The phages in the P2 family share a common virion structure and are 
classed with T4 and P1 in Myoviridae. The members in the P2 family are 
temperate phages that are unrelated to λ. Further shared characteristics 
within the P2 family of coliphages, are that they are non-inducible by ultra-
violet irradiation, the chromosomes have a unique class of cohesive DNA 
ends and they are able to support growth of satellite phage P4. 

The P2 phage can multiply in most strains of E. coli, as well as in strains 
of Serratia marcescens, Salmonella typhimurium, Klebsiella pneumoniae, 
and Yersinia sp. The P2 virion consists of an icosahedral head (60 nm in 
diameter) and a complex tail (135 nm long) with a contractile sheath. The 
entire genome has been sequenced (accession number AF063097) and con-
sists of a 33 592 bp long, linear, double-stranded DNA genome with cohe-
sive ends. The 42 genes can be divided in three, classes: (i) genes involved 
in lytic growth, (ii) genes required to establish and maintain lysogeny (int, 
C), and (iii) the nonessential genes (old, tin, and Z/fun). Furthermore P2 con-
tains a number of open reading frames (ORFs) that may encode functional 
proteins (see Table I and Figure 1 for a summary of the P2 genes and their 
functions). 
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Table I. P2 genes and their functions.  

Gene Function of the gene product (comment) 

Q Capsid portal vertex 

P Large terminase subunit 

O Capsid scaffold 

N Major capsid protein 

M Small terminase subunit 

L Head completion 

X Tail 

Y Lysis-holin 

K Lysis-endolysin (Homologous to λ R) 

lysA lysB Lysis-timing 

orf30 Unknown 

R , S Tail completion 

V Tail spike 

W Baseplate? (Homology to T4 baseplate wedge) 

J Baseplate/tail fiber 

I Tail 

H Tail fiber (Partial homology with many phages) 

G Tail fiber assembly (Partial homology with many phages) 

Z/fun Confers T5 resistance on lysogen 

FI Tail sheath 

FII Tail tube 

E,  T , U,  D Tail 

ogr Late promoter activator (Zinc finger DNA binding protein) 

int Integrase 

C Immunity repressor 

cox Excision and transcriptional control 

orf78 Unknown 

B Replication (DnaC analogue?) 

orf80-83 Unknown 

A Replicase (Rolling circle replication) 

orf 91 Unknown 

tin Makes lysogen resistant to T-even phages 

old Makes lysogen resistant to λ 
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Figure 1. Schematic drawing of the genomes of bacteriophage P2 and P4, and the 
interactions between the phages.  

P2 propagation 
During an infection, the free P2 phage particle adsorbs to the core region 

of the lipopolysaccharide of E. coli and injects its DNA into the cytoplasm 
(Figure 2). 

As a temperate phage, it can propagate lytically, which means directing 
the host cell to produce phage progeny, or establish lysogeny, i.e. insert its 
DNA into the host chromosome. 

During the lytic cycle, the P2 DNA is replicated by a modified rolling cir-
cle mechanism (26, 146). DNA replication is initiated by a single-stranded 
endonucleolytic cut by the A gene product in the origin sequence (ori) 
whereby the A protein gets covalently linked to the DNA (93, 116). The P2 
B protein seems to function as a helicase loader and interacts with E. coli 
DnaB (117). The late promoters, PP, PO, PV, and PF are activated by the Ogr 
protein and direct the transcription of the genes encoding the building blocks 
for the phage particles and lytic functions. During lysogeny, the P2 genome 
is inserted into the host-chromosome by site-specific recombination and the 
lytic functions are repressed by the C protein. The prophage is non-inducible 
by ultraviolet irradiation, since the C repressor is not inactivated by the 
SOS/Rec A system of E. coli. However, even if P2 C is inactivated, for ex-
ample by heat inactivation of a temperature sensitive C mutation, the P2 
prophage is unable to excise, due to lack of int expression (12). How the 

PP   PO                                    PV                          PF                     Pogr    PC    PE                 Pold 

Q P O N M L X Y K lysAB R S   V W J I H G Z/fun FI FII E T U D   ogr  int C   cox  BA   tin old 

gop  ββββ    cII     int   αααα  cnr 151 εεεε  kil cI vis    sid δδδδ psu 

Pgop        PcII    Pint                         PLE  PLL   Psid  

P2 

P4 
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phage solves this induction-excision paradox is not known (For review of 
phage P2, see (13, 108)). 

 
 

 
 

Figure 2. The lifecycle of bacteriophage P2. The lifecycle starts with the adsorption 
of the phage to the host. Thereafter the phage DNA is injected into the host and the 
DNA is circularized. At this stage the phage can either integrate its DNA into the 
host chromosome and establish itself as a prophage, or grow lytically by replicating 
its DNA, producing new phage particles and lysing the host cell. The integrated 
prophage has the capability to excise and enter the lytic cycle. 

P2 lytic-lysogeny switch  
The transcriptional switch controlling lysogenization versus lytic growth, 

consists of the two promoters, Pc and Pe, which are located face-to-face. The 
Pc promoter directs transcription of the C repressor that down regulates the 
Pe, promoter which is active under lytic growth. The Pe promoter, on the 
other hand, directs transcription of the Cox protein that acts as a repressor on 
the Pc promoter and thereby prevents lysogenization (Figure 3) (139, 140). 
In this way the promoters are mutually exclusive. The Pc transcript also en-
codes the integrase, and the Pe promoter also controls the expression of pro-

Adsorption 

Injection 

DNA 
circularization 

P2 
prophage Cell division 

DNA 
replication 

P2 
production 

Lytic cycle 

Lysogeny 
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teins required for DNA replication, i.e. A and B. The C protein binds to the -
10 region of the Pe promoter (140) and the C repressor has been shown to 
form dimers (91). The -10 region contains a direct-repeated sequence of 
eight basepairs, which is important in repressor binding (Ahlgren-Berg, Hen-
riksson-Peltola, and Haggård-Ljungquist unpublished results). The Cox 
binding site is overlapping the Pc promoter and it contains an imperfect 9 bp 
long sequence repeated 7 times (Cox boxes) (138, 185). 

The control of the transcriptional switch is fine-tuned by the ability of 
both the C and the Cox repressor to down-regulate their own promoters at 
high concentrations (139, 140). The decision between lytic and lysogenic 
lifecycle is thought to be a consequence of the relative concentrations of the 
Cox protein and the C repressor. The hypothesis is based on that 95 % of P2 
infections undergo lytic development, and that the Pc promoter is 5 times 
weaker than the Pe promoter (139). 

 
Figure 3. The transcriptional switch of bacteriophage P2. The block arrows repre-
sent transcripts directed from the promoters Pe and Pc, respectively. The Cox pro-
tein inhibits transcription from the Pc promoter, down regulating the expression of 
the C protein and initiating the lytic life mode. The C repressor on the other hand 
represses transcription from the Pe promoter, thereby establishing the lysogenic 
lifemode. 

P2 site-specific recombination 
The integration-excision reaction of phage P2 is among the better charac-

terized phage recombination systems (Figure 4), while the most studied sys-
tem is that of bacteriophage λ. In P2, recombination occurs between a 27 bp 
long sequence (core) which is identical in the phage and in the bacterial 
chromosome. The core sequence is in the phage genome flanked by binding 
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sites for different proteins involved in the recombination reaction. The whole 
region is called the attachment-site phage, attP. On the other hand, the at-
tachment site in the bacterial chromosome, attB, only contains the core se-
quence. The core region consists of an imperfect inverted repeat, flanking a 
7 base pair long sequence, which probably constitutes the overlap region. 
Strand exchange occurs by conservative site-specific recombination, i. e. 
precise breakage and joining in absence of DNA synthesis or loss of nucleo-
tides. For a general review of site-specific recombination, see (33). 

 
Figure 4. The site-specific recombination system of bacteriophage P2. Int and IHF 
are required for integration of the phage genome into the host genome. Recombina-
tion occurs between the core binding sites of the DNA substrates, and results in the 
integrated prophage flanked by the hybrid attL and attR sites. For excision a third 
additional phage protein, Cox, is required. 

 
The integration process is mediated by the phage encoded integrase and 

the host encoded IHF (Integration Host Factor) (184), which forms a nucleo-
protein complex called an intasome. This structure is believed to make con-
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tact with the recognition site on the host chromosome, attB. The integrase 
has been shown to bind to both the inverted repeat in the core region and to 
two arm binding sites in attP, the P and P´ arms, whereas IHF binds to one 
region localized between the left arm, P-arm, and the core region (184). The 
integrase catalyses the DNA cleavage and joining reaction (183), while IHF 
has the ability to bend DNA (165), and thereby forming a recombinational 
active intasome. Excision requires the P2 Cox protein in addition to inte-
grase and IHF (185). The fact that both integrase and Cox are needed for 
excision but are produced from two mutually exclusive promoters, may ex-
plain why P2 lysogenic cells produce phages spontaneously at a low fre-
quency (approximately 1 out of 50 000 lysogenic bacteria/generation). Six 
Cox recognition sequences, Cox boxes, are situated between the core and the 
right arm site, P´-arm in attP, i.e. near attL in the P2 prophage. Integrase has 
been shown to interact cooperatively with both IHF and Cox to attP (51).  

At least 10 different attB sites have been defined in E. coli C. One site, 
called locI, located at 48 minutes between the bacterial genes metG and his, 
is preferred (183), which is encoding a small conserved RNA (174). P2 is the 
only known example where the location of attB is something other than 
tRNA or protein (176). DNA nicking and joining occurs within the 27 bp 
core sequence in attB and attP. For review of the site-specific recombination 
system of phage P2, see (59), and for a more detailed information about P2 
Cox protein and the integrase see sections “P2 Cox protein and its DNA 
substrates” and “P2 integrase and its DNA substrates” below. 

P2-P4 interaction 
Bacteriophage P4 was isolated 1963 from E. coli K-235 as a phage capa-

ble of forming plaques only on a P2 lysogenic strain (74). P4 is not related to 
P2 and only the cos sites and the delta gene shows homology to P2 DNA. P4 
is, like P2, a temperate phage, with the exception that it in the absence of a 
helper phage it can either integrate into the host chromosome as a repressed 
prophage, or it can establish itself as a derepressed multicopy plasmid. The 
P4 genome does not encode any structural genes or genes required for cell 
lysis, and P4 is therefore dependent on a helper phage, like P2, for lytic 
growth. P4 can redirect the assembly process of the helper phage capsid 
making the head too small to contain the P2 genome, thus favoring the pro-
duction of phage particles containing the P4 genome. Since P4 is dependent 
on the expression of the P2 structural gene products for its lytic growth, P4 
has evolved several ways to manipulate the helper P2 (Figure 1 and Figure 
5).  

There are three different infection scenarios (i) P2-P4 mixed infection (ii) 
P4 infection of a P2 lysogenic cell and (iii) P2 infection of a cell containing 
P4 as a prophage or a derepressed plasmid. It is also possible to obtain a P2-
P4 double lysogen. Reciprocal regulatory interactions involve mutual derep-
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ression of the prophages and mutual trans activation of the late promoters. 
The P4 Delta protein can directly transactivate the P2 late promoters and P2 
Ogr protein can activate the two late P4 promoters (35). During P4 superin-
fection of a P2 lysogenic cell, P4 has the ability to derepress the P2 lysogen. 
This is mediated by the binding of the P4 Ε protein to the P2 C repressor 
thereby lowering its affinity to the P2 Pe promoter (92). The early genes are 
transcribed and due to inefficient prophage excision the DNA is replicated in 
situ in the bacterial chromosome (62).  

 

Figure 5. The different life modes of bacteriophage P4. Without helper, a P4 infec-
tion leads to P4 prophage or plasmid establishment. After superinfection of a helper 
phage, lytic propagation of P4 can occur. During P4 superinfection of a helper ly-
sogenic cell P4 can either lysogenize its host creating a double lysogen or the lytic 
cycle may be initiated and P4 particles are produced. In a mixed infection, both P4 
and helper phage particles are produced. 
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The repressed P4 prophage is derepressed upon infection by the action of 
the P2 Cox protein, which like Ogr, is capable of activating the P4 PLL pro-
moter, controlling the α gene, which is required for P4 replication (138).  
For a review of phage P4, see (31) and (88). 

P2 Cox protein and its DNA substrates  
The P2 Cox protein is multifunctional and has at least three different 

functions, (i) as a structural component in site specific recombination (185), 
(ii) as a repressor of the P2 Pc promoter (139), and (iii) as a transcriptional 
activator of the P4 PLL promoter (138). It is a basic peptide (theoretical i-
soelectric point=10.3) consisting of 91 amino acids (10.3 kDa), including a 
N-terminal helix-turn-helix motif, believed to be the domain involved in 
DNA recognition. P2 Cox belongs to the class of recombination directional-
ity factors (RDFs) summarized in section “Recombination directionality 
factors (RDFs)”. 

Cox is binding to specific DNA regions, as shown by foot-print analysis, 
containing repeats of a sequence, called Cox boxes, with a consensus se-
quence of 5´-TTAAAAGNCA-3´ (138, 185). An inspection of the different 
DNA targets revealed that there are six or eight Cox boxes at the DNA sub-
strates and their orientation and spacing differ (Figure 6).  

 
Figure 6. Schematic drawing of the Cox boxes in the (a) P2 PePc region, (b) P2 attP 
region, and P4 PLEPLL region. The direction of the arrows indicates the direction of 
the Cox boxes. Solid bar represents the well-protected regions in DNaseI footprint 
analysis, while ticked bars symbolize less well-protected regions. 

 

ogr int 

a. P2 PePc region 

b. P2 attP region 

c. P4 PLE and PLL region 
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P2 integrase and its DNA substrates 
When the lysogenic pathway is chosen, the integrase is expressed from 

the Pc promoter, resulting in a 337 amino acid (37.9 kDa) protein. The P2 
integrase is responsible for nicking and joining DNA, thereby integrating or 
excising the phage DNA into or out of the host chromosome. The attP region 
contains several Int binding sites, the core site and the arm sites. The Int 
recognition sequence in the arm sites (TGTGGACA) differs from the core 
(AA(T/A)(T/A)(C/A)(T/G)CCC), which implies that the integrase has two 
different DNA binding domains with different DNA recognition sequences 
(184). 

The P2 genome integrates preferentially into a site called locI, which 
shows 100% identity to the core site in attP. If the preferred site is disrupted, 
the P2 genome can be integrated into several alternative locations. These are 
identical in 20 bp (locII) and 17 bp (locH), and 16 bp (locIII) to the attP core 
sequence. A comparison of attP with the alternative attB sites shows only 
nine conserved bases and the consensus sequence is 5´ ----A----GC----G-
AAG-G---T-3´, which means that P2 integrase can accept at least up to 37% 
mismatches within the core sequence (7) (see Table II). The P2 integrase is 
classified as a tyrosine recombinase (see section “Tyrosine Recombinases”). 

 

Table II. Comparison of alternative integration sites in E. coli 

Attachment site Sequence (5´ to 3´) nt identity to attP 

attP, core AAAAAATAAGCCCGTGTAAGGGAGATT - 

attB locI AAAAAATAAGCCCGTGTAAGGGAGATT 27/27 

attB locII AAAtAAatcGCCCGTGgAAGtGAcATT 20/27 

attB locIII cAgtAcaggGCCaGcGTAAGGGAtATa 16/27 

attB locH ggAAAtaAAGCtgtTGTAAGGGcGtTc 17/27 
 

P2 Int regulation 
It has been shown that only about 1% of lysogenic cells are induced and 

produce P2 phages upon inactivation of the C repressor (12). The P2 phage 
production can be increased to 10% when providing P2 integrase in trans 
from a plasmid (94). The low expression of Int from the P2 prophage may 
have several explanations (182): 

(i) The transcript from the Pc promoter ends in the bacterial chromosome, 
which may affect RNA stability. 

(ii) There is a partial transcription terminator between the C and the int 
genes. 



 23 

(iii) Integrase expression is autoregulated post-transcriptionally by bind-
ing integrase to its own RNA. The Int protein is believed to bind to a se-
quence capable of forming a stem-loop structure, situated in the untranslated 
leader region overlapping the ribosome binding site and initiation codon of 
the integrase gene (182). 

WΦ - a P2 relative  
Bacteriophage WΦ is closely related to P2 based on serological related-

ness and morphology (79, 125). Further WΦ is qualified in the P2 family of 
coliphages by its ability to function as a helper for bacteriophage P4, its non-
inducability by UV radiation and inability to recombine with phage λ. De-
spite their antigenic relationship WΦ and P2 are not co-immune, i.e. WΦ 
grows on a P2 lysogen and vice versa (79). The genetic organization of the 
sequenced parts of WΦ, i.e. from attP to the end of the cox gene, is identical 
to P2 (90).  

attP-int region 
The 47 bp-core sequence of WΦ shows no homology to the P2 core, but 

the arm-type sites are identical (90). The fact that there is a high similarity at 
the N-terminal end (18 out of 20 amino acid residues are identical) between 
WΦ and P2 integrase, strengthens the hypothesis that the N-terminal domain 
of P2 Int is believed to bind to arm-sites (184). Further, the WΦ integrase 
shows similarities at the amino acid level to members of the tyrosine family 
of recombinases, and the motifs, including the catalytic site at the C-terminal 
end, are present (see section “Tyrosine Recombinases”).  

P2-like Cox boxes are not found in the attP of WΦ, and since WΦ is un-
able to complement a P2 cox defective P2 lysogen, it has been assumed that 
WΦ and P2 Cox do not recognize the same DNA sequence (90). 

Transcriptional switch of WΦΦΦΦ 
The transcriptional switch of WΦ contains, like P2, two face-to-face pro-

moters that are mutually exclusive, see section “P2 lytic-lysogeny switch” 
above. The WΦ repressor has been shown to bind to two directly repeated 
operators, which are different compared to the P2 operators (90). The C pro-
tein of WΦ shows 42% identity to the C repressor of P2, and secondary pre-
dictions result in similar secondary structures. The WΦ Cox protein can act 
as a repressor of the WΦ Pc promoter, analogous to P2 Cox protein (90). 

WΦΦΦΦ-P4 interaction 
Bacteriophage P4 can utilize WΦ as a helper phage. The P4 Ε antirepres-

sor can turn the WΦ transcriptional switch from the lysogenic to the lytic 
state. WΦ Cox is however not able to activate the P4 PLL promoter, which 



 24

results in that a WΦ infection of a P4 lysogen will not lead to any P4 phage 
production (90). 

Conservative site-specific recombination 

Introduction 
Recombination is used to reorganize pieces of DNA, leading to genetic 

exchange between or within DNA molecules. Three main mechanisms are 
found in nature: homologous recombination, transpositional recombination 
and conservative site-specific recombination.  

Homologous recombination 
Homologous recombination is essential to all organisms, where it is im-

portant for genetic diversity and DNA repair. In homologous recombination 
both DNA molecules involved in the reaction have to share long stretches of 
homologous DNA, and at least 24 different proteins are involved in the reac-
tion in E. coli. The primary mechanism in E. coli involves DNA strand ex-
change where single stranded DNA is formed in the partners that are ho-
mologous aligned, followed by strand invasion and formation of a four-
stranded branched structure (Holliday junction). Thereafter the junction mi-
grates (branch migration) to extend the region of heteroduplex DNA and the 
interlinked molecules are resolved leading to recombinant progeny. The 
most important proteins in homologous recombination of E. coli (reviewed 
in (46, 153)) are: (i) RecA, which induces the exchange of DNA strands; (ii) 
RecBCD complex which is involved in the formation of single stranded 
DNA which acts as substrate for the RecA protein; (iii) RuvAB complex, 
which promotes branch migration; (iv) RuvC which catalyses the resolution 
of the holliday structure. Specific sites in the DNA, called chi sites, have 
been shown to enhance homologous recombination. 

Transpositional recombination 
Transpositional recombination involves specific DNA segments, called 

transposones or transposable elements that can move from one genetic loca-
tion to another. Transpositional recombination is independent of the compo-
nents of homologous recombination. The nonreciprocal nature and the in-
volvement of DNA replication are typical features of transpositional recom-
bination. Transposition can occur by two different mechanisms generating 
either a simple insertion, or a co-integrate. In the simple insertion pathway, 
both ends of a single copy of the element are fused to the target, while in the 
co-integrate pathway two copies of the transposones are formed, and each 
copy has one end attached to the parental end and the other is attached to 
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new target sequences. The co-integrate pathway is a replicative process, 
while the simple insertion pathway either can be a replicative process or a 
conservative process. There are three distinct classes of transposons, the IS 
elements, the Tn3 family and the transposing bacteriophage Mu. See (56) 
and (34) for reviews about, and examples of, transpositional recombination 
in prokaryotes. 

Conservative site-specific recombination 
Conservative site-specific recombination shows, compared to homolo-

gous recombination and transpositional recombination, high specificity for 
both DNA partners and the exchange mechanism involves exact cleavage 
and joining without DNA synthesis or loss. There are two major families of 
recombinases in this class of reactions. In the serine recombinase (resol-
vases/invertase) family a conserved serine, located about 10 amino acids 
from the N-terminal, is important in catalysis. The serine recombinases can 
be divided into three structural/phylogenic groups, represented by the resol-
vase/invertases, large serine recombinases, and relatives of IS607 transpo-
sase (154). This family is rather homogenous and contains members like the 
Gin invertase from bacteriophage Mu, the Hin invertase from Salmonella 
sp., the resolvases from Tn3 and γδ transposons, and the integrases from 
phage ΦD31 and TP901-1 (see (25) for a comparison of tyrosine and serine 
recombinases). The members of tyrosine recombinases are less conserved by 
sequence but share, in addition to the catalytic tyrosine, five amino acids 
(Arg, Lys, His, Arg, His (Trp)) which have been shown to be involved in 
catalysis (113). The tyrosine recombinases are further divided into simple 
systems, which do not require additional proteins other than the integrase to 
function both in integration and excision, like the Cre system of bacterio-
phage P1, the FLP system of Saccharomyces cerevisiae 2µ plasmid, and the 
XerCD system of E. coli. In the complex systems, like bacteriophage λ, P2 
and HP1, additional host- and/or phage-encoded proteins are required.  

Several important biological processes are mediated by conservative site-
specific recombination, like transposon co-integrate resolution, bacterio-
phage integration and excision, bacteriophage host range variation, antigenic 
variation, chromosome monomerisation, and spreading of antibiotic resis-
tance genes through integrons. See (33) for a review on conservative site-
specific recombination. 

Tyrosine Recombinases 

Conserved residues and motifs 
More than 300 members of the integrase family of tyrosine recombinases 

are known (http://www.mywebpages.comcast.net/domespo/trhome.html), 
including P2 integrase. For several of them, the three-dimensional structure 
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has partly and/or completely been solved; the N-terminal (177) and C-
terminal part of λ integrase (83), the whole λ integrase complexed with 
DNA (14), the C-terminal part of HP1 integrase (67), and the XerD of E. coli 
(160). In addition, the Flp recombinase (28, 32), the C-terminal domain of λ 
integrase (77, 159) and the C-terminal part of Cre recombinase of phage P1 
have been structurally determined complexed with DNA (53, 57, 58). The 
catalytic domains of the tyrosine recombinases spans 180 amino acids, and 
contains a conserved, catalytically active tyrosine and an Arg, Lys, His, Arg, 
His (Trp) pentad, which is the common motif for tyrosine recombinases.  

 
Figure 7. Schematic organization of tyrosine recombinases. Three distinct domains, 
arm binding, core binding and catalytic domain are outlined. The magnified catalytic 
domain shows the different motifs and the conserved amino acids. See text for fur-
ther explanation. 

 
When the primary sequences of the recombinases are aligned, two con-

served regions, box I and II becomes apparent (113) (see Figure 7). Box I, 
which contains the first Arg (Arg-I) in the pentad, is well conserved among 
prokaryotic recombinases and, with some variations, between prokaryotic 
and eukaryotic recombinases. Box II, containing the first His (His-II), the 
second Arg (Arg-II) and, the second His (His-III) in the pentad, is also rela-
tively strongly conserved among prokaryotic recombinases, but less so be-
tween prokaryotic and eukaryotic recombinases (48). The Lys in the pentad 
is situated in the loop between β strands 2 and 3. The three dimensional 
models of tyrosine recombinases reveal that the Arg, Lys, His, Arg, His 
(Trp) residues form a cluster on the surface of the protein (57, 67, 83, 160),  
and are located at the center of the DNA interaction surface of the Cre-DNA 
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complex. Apart from the boxes, three patches of conserved sequences have 
been identified (113). 

Structure of the λλλλ integrase 
Apart from the catalytic C-terminal domain, an N-terminal and a core-

binding domain have been identified (Figure 7). The N-terminal domain of 
λ integrase is involved in arm-type binding (177), and protein-protein inter-
actions (see section “Intasome formation in bacteriophage λ site-specific 
recombination system” below). It has also been shown to be a context-
sensitive modulator of integrase functions. The N-terminal domain inhibits 
core-DNA binding and cleavage. This inhibition is overcome when arm-type 
sequences are present. Further, when the N-terminal domain is present in 
trans, it has been shown to stimulate core-DNA binding and cleavage (144). 

A third domain, the core binding domain, has been identified in bacterio-
phage λ integrase, which show structural similarities to XerD and Cre re-
combinases (162).  

The C-terminal domain has further been implied to be involved in inter-
molecular contact with another Int-molecule (164). Another interesting find-
ing is the involvement in the C-terminal tail in the resolution of the Holliday 
junction (65).  

Structure of the HP1 integrase 
The three-dimensional structure of the integrase of P2 related Haemophi-

lus phage HP1 has been determined. The structure revealed, apart from the 
catalytic domain, a C-terminal tail which nestled into a cleft of an adjacent 
integrase subunit leading to a yin-yang shaped dimer (67). The results con-
firmed the structural resemblance to the λ integrase, and the XerD and Cre 
recombinases (113).  

Recombination directionality factors (RDFs) 
The control of the directionality in site-specific recombination reactions is 

achieved through a class of small accessory factors that favor one reaction 
while inhibiting the other. This strict control prevents undesirable rear-
rangements and, in the case of bacteriophages, permits efficient switching 
between lifestyles, such as lysogenic versus the lytic pathways. The RDFs 
are small, often basic proteins, which have an architectural role in the forma-
tion of the nucleoprotein complexes involved in site-specific recombination. 
RDFs have been identified in conjunction with both tyrosine and serine re-
combinases. The RDFs can be grouped in different subgroups depending on 
their sequence similarities. A subset of RDFs, the Cox proteins, also func-
tions as transcriptional regulators. Most RDFs have pIs in the range 8-11, 
and contain a helix-turn-helix motif (87). 
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The λλλλ Xis 
The best characterized member of the RDFs is the λ Xis protein. Xis is a 

small (72 residues) and basic (pI=11.16) protein which is required for the 
excisive recombination and inhibits integrative recombination (23, 24). It 
binds to two directly oriented imperfect 13 bp repeats (X1 and X2) in attP 
(and attR) and introduces a significant bend in the DNA upon binding (165). 
It also facilitates the binding of integrase to the P2 arm-type sites through 
direct protein-protein interactions (24, 109, 181). Xis stimulates excision by 
enabling formation of a specific protein-DNA structure that is required for 
the synapsis of attL and attR DNA. It inhibits integrative recombination by 
preventing formation of a complex needed for synapsis of attP and attB (3). 
An additional feature of λ excision is the involvement of the host encoded 
protein FIS, that can also stimulate excisive and integrative recombination 
and does so by binding to a site, F, that partially overlaps X2 (5, 47, 111, 
166). 

From the structure-determination it was concluded the Xis DNA binding 
motif does not comprise a helix-turn-helix motif. Instead, the Xis protein 
adopts a winged-helix structure (141, 142). There are two Xis binding sites 
between the core sequence and the P-arm sites in the attP of phage λ. Upon 
binding to its DNA substrate, Xis bends the DNA sharply. It has also been 
shown that the Xis interacts cooperatively with λ integrase (see section 
“Intasome formation in bacteriophage λ site-specific recombination system” 
below) (29, 161, 173). 

HP1 Cox 
The Cox protein of bacteriophage HP1 belongs to the same group of 

RDFs as P2 Cox. In phage HP1 the RDF, Cox, also influences the binding of 
integrase. In this system it inhibits the binding of HP1-Int to the adjacent Int 
binding site, resulting in the inhibition of integration (see Figure 10) (49, 
50). 

The Xis-L5 
The RDF of mycobacteriophage L5 (Xis-L5) is a 56 residue long basic 

protein that contains a putative helix-turn-helix DNA binding motif. It does 
not show any sequence similarities with λ Xis. L5 excision requires the Xis-
L5 as well as mIHF, but DNA supercoiling is not essential for the reaction. 
Xis-L5 potently inhibits integrative recombination by preventing the forma-
tion of a recombinaogenic synaptic complex. Unlike the case in the λ and 
HP1 systems (49, 100), there are no direct interactions between Xis-L5 and 
Int-L5, but Xis-L5 determines the directionality of recombination through its 
ability to bind and bend DNA.  
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The mechanism of conservative site-specific recombination 
Site-specific recombination can be divided in synapsis and strand ex-

change. During synapsis, a synaptic complex is formed where the two re-
combination sites are juxtaposed. Thereafter strand exchange occurs, i.e. the 
cleavage of the two sites and their rejoining in a new, recombinant configu-
ration. One or both steps may require that the DNA substrate is (-) super-
coiled (10), that the recombination sites have the same or homologous DNA 
sequences (20, 114, 131), and that the sites have a particular orientation 
along the DNA substrate (64). At the protein level, different domains of the 
recombinase may be required for specific binding to the recombination site, 
for the protein-protein interactions required to bring sites together, and for 
the catalytic steps of DNA cleavage and rejoining (69, 70, 101, 168). 

The two families of site-specific recombinases, the serine and the tyrosine 
recombinase superfamilies (61, 76, 84, 106, 137, 155) are, apart from  the 
conserved amino acid residues at the active sites, also distinguished by their 
mechanisms of synapsis and strand exchange. The strand exchange mecha-
nism for the serine recombinases begins with concerted double-strand breaks 
at both recombination sites. During DNA breakage, an intermediate is 
formed in which the 5´-phosphoryl ends of the cleaved DNA are esterified to 
serine hydroxyl groups of the protein. Following breakage, the subunits 
which are linked to the recombinase subunits translocate and the DNA ends 
are rotated 180° and rejoined to form a recombinant product (38, 154).  

Strand-swapping isomerisation model for the tyrosine recombinases 
The mechanism of strand exchange is different for the tyrosine recombi-

nases than for the serine recombinases. In 1995 a model for integrase-
mediated recombination mechanism was proposed (112) which explained 
how strand exchange could proceed without branch migration across the 
entire overlap region (see Figure 8). In this strand-swapping isomerisation 
model the two DNA partners are aligned at nearly right angles to minimize 
the repulsive forces of the negatively charged phosphates. Thereafter the top-
strands are cleaved and the recombinase remains covalently joined to the 
DNA through a phosphodiester bond. The cleavage is followed by melting 
of two to three nucleotides of the released overlap strands and interchanging 
them between the active site pockets of the two partner Int protomers (the 
swap). Joining of the incoming strands restores the phosphate backbone of 
the DNA and a Holliday junction is formed. Thereafter, a transition from an 
isomer with top-strand crossover to one with a bottom-strand crossover oc-
curs, which includes a shift of the branch point by one to three basepairs in 
the center of the overlap region (the isomerization). This isomerization in-
duces the correct position of the cleavage points for the second strand swap, 
which resolves the Holliday junction after Int cleavage at the bottom strand 
sites. (53, 112, 156). This step of the recombination is stimulated by inte-
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grase binding to the arm sites (14). DNA breakage involves reversible for-
mation of an esther between a 3´-phosphoryl end of the transiently broken 
DNA and a tyrosine of the enzyme (118). 

Figure 8. Strand-swapping isomerization model for tyrosine recombinases. The 
light gray Int subunits are active for top strand cleavage and the dark gray subunits 
are active for bottom strand cleavage. The first step is the top strand cleavage, fol-
lowed by strand exchange and joining leading to the formation of a Holliday struc-
ture. Thereafter the Holliday junction is isomerized, and the bottom strand exchange 
is executed, resulting in recombination products. Roman numbers indicate the type 
of intermolecular interaction between Int molecules, see section “Regulation of 
active sites”. 

Catalytic mechanism of tyrosine recombinases 
At the molecular level, a complete cleavage-rejoining reaction proceeds in 

four steps (151). The initial protein-DNA complex is converted to a stable 
covalent enzyme-DNA adduct involving a 3´phosphotyrosine linkage at the 
active site, before completion of the reaction by rejoining of the DNA. In the 
active site, the conserved triad, Arg-I, His-II, and Arg-II, together with His-
III, functions as proton donors in the stabilization of the pentacoordinate 
transition state of the phosphate.  

The reaction involves two similar transition states involving a pentavalent 
phosphate. Two arginine (Arg-I and Arg II) residues contact the oxygen 
atoms of the scissile phosphate moiety and probably contribute to catalysis 
in two ways. The first is to promote a nucleophilic attack on the phosphorous 
atom due to an inductive effect upon the electrons around it, while the sec-
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ond is to stabilize the charge that develops on these oxygens in the transition 
states. In this mechanism two additional residues work reciprocally as ac-
ids/bases during catalysis. One residue (base) serves alternately to increase 
the nucleophilicity of the attacking tyrosine residue and then to reprotonate 
it, while the other (acid) acts in a similar fashion upon the attacking 
5´hydroxyl and phosphodiester oxygen, respectively. The same general 
scheme can be applied to catalysis on ribonucleoside-containing substrates. 
It has been proposed that during catalysis the proton of the tyrosine nucleo-
phile could be transferred to a water molecule, which could be acting as a 
base (157). Alternatively, this base could be an appropriately positioned 
histidine in Cre (57) and other tyrosine recombinases. The role of a con-
served lysine in a β hairpin present in all of the determined recombinase and 
topoisomerase structures remains unclear, although its mutation leads to 
dramatic loss of catalytic activity. The lysine is believed to play a structural 
role in organizing the active site, where it could act as an acid, protonating 
the 5´leaving group (172). 

Regulation of active sites 
An interesting mechanistically aspect is the regulation of the active sites 

of the tyrosine recombinases. 
For λ integrase it has been shown that DNA binding stabilizes the global 

fold of the protein, which proposes that the integrase is inactive when un-
bound to DNA (77). Once bound to DNA further control is achieved by turn-
ing on one pair of the recombinase subunits and turning off the other pair. 
The activation of recombinases involves a conformational change at the C-
terminus of the protein that moves the active site tyrosine into position ready 
to attack the scissile phosphate (160). This conformational change could 
either be triggered by binding to DNA or more likely, in the case of the re-
combinases, by interactions between protein monomers during synapsis. The 
current model favors the latter, since changes in the intersubunit interactions 
during the recombination reaction have been detected (54, 172, 178). In fact 
it has been shown that when the integrase is unbound, the active tyrosine is 
located about 20 Å from the catalytic site. Upon DNA binding, the tyrosine 
residue moves to the catalytic site. This switch also includes the release of 
strand β 7, which is interacting in trans with a  neighboring Int molecule (1), 
(159). This switch has also been shown to be important for the coordination 
of strand exchange (164). 

In the Cre system, during synapsis, the recombinases bound to the same 
substrate interacts with a type I interaction, while the interfaces between 
subunits bound at different recombination sites are called type II. Upon 
isomerization of the Holliday intermediate, the type II interfaces become 
type I and vice versa. The different interfaces results in an activa-
tion/inactivation switch. An active site involved in a type I interaction is not 
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active, while an active site involved in a type II interaction is active (Figure 
8). This switch depends on conformational changes, i.e. structural changes of  
the interface are affecting the active site. Differences between the interfaces 
include the positioning of the Tyr-nucleophile and the Lysine in the β2-β3 
loop (172). 

Cis versus trans cleavage 
In the tyrosine recombinase family, two different cleavage modes are evi-

dent. In trans cleavage, the active site from one recombinase subunit posi-
tions the DNA for the tyrosine attack, which is performed by the other sub-
unit. This results in that two subunits are required for a cleavage active com-
plex. In cis cleavage, the active site and the attacking tyrosine come from the 
same subunit. Flp and Cre recombinases have been shown to cleave in trans 
(27, 39, 85, 149), while λ integrase and the Xer system cleave in cis (2, 115). 

Intasome formation-putting the pieces together 
In the complex systems of conservative site-specific recombination, the 

formation of a recombinagenic active nucleoprotein complex, the intasome, 
is the prerequisite for efficient recombination. The intasome is a large nu-
cleoprotein complex which mediates the integration of phage DNA into the 
host chromosome. In recent years several mechanisms for intasome forma-
tion have been proposed (see examples below). 

Intasome formation and DNA-bending 
In some cases, for example λ, the phage encoded integrase and the host 

encoded IHF (integration host factor) are binding to several sites in attP. The 
bivalent integrase can bind simultaneously to two different segments of attP. 
For the formation of a correct intasome these binding sites have to be close 
to each other. This is accomplished by the formation of a loop which con-
tains a binding site for IHF. IHF bends the DNA and thus defines the trajec-
tory of the loop (99). For this trajectory to be correctly defined in the in-
tasome, the bends introduced by the three IHF molecules need to be cor-
rectly phased relative to each other. Replacing one IHF site by a site with 
high affinity for CAP, a protein which can bend DNA to an extent compara-
ble to that of IHF, significant recombination function was only observed in 
the presence of CAP and its activator cAMP (52). This suggests that bend-
ing, not protein-protein contacts, is necessary for the assembly of a func-
tional intasome. This conclusion was confirmed by finding that an intrinsi-
cally bent DNA sequence, with an estimated bend of approximately 120°, 
can also substitute for this same IHF binding site, provided that the bend is 
correctly phased and is sufficiently curved (52). 
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It has also been shown that some recombinases can bend DNA, for exam-
ple the yeast FLP recombinase (147). 

Intasome formation in the site-specific recombination system of 
mycobacteriophage L5  
Mycobacteriophage L5 is a temperate phage that forms stable lysogen in 
Mycobacterium smegmatis. Integration and excision of the phage DNA is 
mediated by the phage encoded integrase (Int-L5), a member of the large 
family of tyrosine recombinases (48, 113). Integration requires the mycobac-
terial integration host factor, (mIHF), integrase, attP DNA, and attB DNA. 
There are a total of seven arm-type sites, six of which are arranged as adja-
cent pairs in direct orientation. Only four of these sites are required for inte-
grative recombination, P6, P7, and P3 are fully dispensable for integration 
(see Figure 9) (123).  

 

 
 

Figure 9. Proposed intasome formation in mycobacteriophage L5. See text for de-
tails. 
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mIHF does not bind to attP in the absence of Int-L5, although it promotes 
the formation of an intasome complex (intasome-P), by presumably stabiliz-
ing a DNA bend between the core and arm sites, facilitating Int mediated 
protein bridges between the core and the P4/P5 sites (119). The P1/P2 arm 
type sites are not required for intasome-P formation, but they are important 
in the capture of attB DNA (121). Two different synaptic complexes have 
been identified, where in the synaptic complex 1 (SC1), P1/P2, and P4/P5 
arm type sites are occupied (121). This complex is not fully competent for 
recombination, still it is presumably a direct precursor of the recombinagenic 
synaptic complex (120). The other, synaptic complex 2 (SC2), forms inde-
pendently of mIHF, and involves intermolecular Int-mediated bridges be-
tween the attB core and the P1/P2 arm-type sites. The formation of the L5 
intasome does not require supercoiling of the attP substrate and only the 
arm-type sites in the right arm (P4/P5) are involved (120, 121). Supercoiling 
of the substrate however stimulates the post-synaptic step in the reaction 
(122). The L5 integrase has, like λ Int, dual DNA binding activities, with a 
small N-terminal domain that binds to arm-type sites and a large C-terminal 
domain that binds to the core sites and contains the catalytic residues (101, 
123). The intasome formation model for L5 (86) is summarized in Figure 9. 
 

Intasome formation in the bacteriophage HP1 site-specific 
recombination 

The integration substrates of the P2 related phage HP1 are a 500 bp phage 
attachment site (attP), containing binding sites for integrase and IHF, and 
Cox, and a 18 bp host site (attB), see Figure 10. The attP substrate contains 
six sets of integrase binding sites (IBS) arranged in pairs of direct or inverted 
repeats. HP1 integrase has two DNA binding specificities: it binds tightly to 
type II sites (IBS1, IBS2, and IBS5) and more weakly to type I sites (IBS3, 
IBS4, IBS6) (60). Recombination occurs between the IBS4 and the single 
type I site in the chromosomal attB site, IBSB. Two adjacent cox sites are 
present in attP, positioned between the IBS4 and IBS5 sites on the attL arm 
of the substrate (49), and two IHF binding sites are situated on either side of 
the core (71). 

A model for intasome formation has been proposed (50) (see Figure 10). 
In the synapsis of a complex protein-bound attP with an unbound attB site, 
the attP DNA contains an IHF-mediated loop on the left (attR) arm. This 
loop brings the IBS2 and the IBS4 into proximity to each other. Since IBS2 
is a direct repeat and IBS4 is an inverted repeat, only half site of each can be 
bridged by integrase. IBS5 can thereafter be aligned with IBS4 in a reverse 
direction compared to IBS2, and in the same manner as for the IBS2-IBS4 
bridging, the half-site is occupied by an integrase molecule. The two “free” 
Integrases are thereafter able to bind to the attB, and a recombinational ac-
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tive intasome is accomplished. The intasome is held together by bridging 
between IBS1 and IBS6.  

A similar model has been proposed for the excisive recombination, where 
the complex formed at attR is identical to that arm of attP in integration, 
while the attL structure looks different. During the formation of the attL 
structure, Cox protein inhibits the binding of integrase to the IBS5. There-
fore no type II binding site is available and consequently no bridging struc-
ture can be formed within the substrate. Instead the necessary structure of the 
complex is formed by IHF and Cox. When the two excision substrates come 
together the integrase bound at IBSL can bridge the free half-site on IBS2, 
and the IBSL and IBSR are aligned for strand exchange. 
 

 

Figure 10. Proposed intasome formation in bacteriophage HP1. See text for details 
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of seven bp, the overlap region. The P arm consists of an inverted repeat and 
the P´arm of three direct repeats. The bacterial attachment site attB (BOB’) 
is identical to the core (Figure 11). The formation of the intasome in the λ 
system has been shown to be a complex network of protein-protein, and 
protein-DNA interactions (for a review of the λ system, see (3)).  

There is a different occupancy pattern of the protein binding sites in attP 
during integration as compared to excision (110, 167). A three tiered hierar-
chy in binding affinities of Int to the arm-type sites have been reported. The 
highest affinity is for the P1 and P’1 arm sites, both of which play important 
anchoring roles in integrative and excisive recombination respectively (81, 
110, 132, 167). The middle tier is occupied by P´2 arm, which is the only 
arm that is important for both the integration and excision. The lowest affin-
ity tier is composed of P2 and P´3, where P2 is only required for excisive 
recombination, and P´3 is required only for integrative recombination. Effi-
cient binding of Int to P´3 depends on cooperative interactions with another 
Int bound at P´2, whereas Int binding at P2 depends on the occupancy of X1 
by Xis (143). Recently it has been shown that arm binding interactions 
stimulate isomerization in favor for the resolution of the Holliday junction 
(14). The amino-terminus of the integrase is involved in the formation of  
dimers, trimers, and tetramers (75), as well as in the interaction with Xis (29, 
143, 161, 173). It has also been shown that the arm sequences contribute to 
the formation and resolution of a specific Int/Holliday junction complex and 
the catalytic function of the integrase (14). A model of the Int/Holliday junc-
tion complex has been proposed, which visualizes how Int molecules bound 
at the core (inverted repeat) also can bind to an arm (direct repeat) (see 
Figure 11) (129). 

 

 
 

Figure 11. Site-specific recombination system of bacteriophage λ. (a) Schematic 
drawing of the attP region. (b) Ternary complex of the λ intasome. 
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Regulation of transcriptional initiation 

Introduction 
Transcriptional regulation is a key component in bacterial gene regula-

tion. Transcription is often controlled at the stage of initiation, with the ad-
vantage that energy is not wasted when producing unnecessary transcripts.  

The RNA polymerase 
The multisubunit bacterial DNA-dependent RNA polymerase (RNAP), is 

responsible for all transcription in bacteria (44). The core enzyme which is 
not able to initiate promoter-directed transcriptional initiation is composed of 
four different subunits, β, β´, α2 and ω. The active site is formed from the 
large β, β´ subunits (82). The α subunits consist of one N-terminal domain 
which is responsible for assembly of the β, β´ subunits, and one C-terminal 
domain which is involved in DNA binding at some promoters (see Figure 
12) (15, 55). The ω seems to have a chaperone-role in the folding of the β 
subunits (63). For the RNAP to start transcription at a promoter, a holoen-
zyme has to be formed containing the core enzyme together with a σ subunit. 
The σ subunit has three major functions: to recognize specific promoter se-
quences, to position the RNAP at a target promoter, and to assist in the un-
winding of the DNA near the transcriptional start site (180). The σ factors 
are multidomain proteins that have up to 4 different domains, where domain 
2, 3, and 4 are involved in promoter recognition (104, 105, 175). There are 
several different σ factors that recognize different binding sites, which allow 
the differential expression of a particular subset of genes. 

The promoter element 
Promoter recognition by RNAP is a crucial step in gene expression and its 

regulation.  
Four different sequence elements have been identified that are involved in 

promoter recognition (22). The two most important elements are the -10 and 
the -35 hexamer which centre 35 and 10 bp upstream of the transcriptional 
start site respectively (see Figure 12) (55).  

The σ factor of RNAP interacts with these elements that define the core 
promoter. The degree of correspondence of the -10 and -35 regions with the 
consensus sequence largely correlates with promoter efficiency. Two other 
important promoter elements are the extended -10 element and the upstream 
(UP) element. The extended -10 element is located in the spacer region up-
stream of the -10 element (6), which consists of a non-conserved stretch of 
17+/-1 bp. The linker region is important for keeping the correct distance 
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and angular position between the -35 and -10 elements. Some promoters, 
show weak or no homology to the -35 region and are characterized by the 
TG motif, one bp upstream of the -10 region. A second TG motif, located at 
position -16 and -17, may also stimulate transcription through enhancing the 
formation of open complex (21). The first TG motif is present in one out of 
five E. coli promoters and the second TG motif is found in one out of nine 
promoters. 

The UP element consists of an AT-rich region located between the -35 
element and about -60 bp upstream of the start site and it is directly interact-
ing with the C-terminal domain of the α subunit of RNAP (55). A consensus 
UP element, consisting of two sub sites, can activate transcription as much 
as 340-fold (55). UPS (upstream activating sequences) are curved sequence 
elements that contain AT-clusters or GGCC sequences repeated in a helical 
phase, and are located between -150 and -50. These sequences may extend 
the RNAP-DNA interactions or facilitate DNA unwinding during initiation 
of transcription. In addition, for many strong promoters, like the early pro-
moters of phage T5, downstream sequence regions (DSR), ranging from +1 
to +20 have been identified, which also contribute strongly to promoter ac-
tivity. The DSR region is made up of long purine clusters (170). 

 

Figure 12. RNA polymerase, promoter elements and the pathway of the transcrip-
tional initiation at bacterial promoters. The transcriptional start site is denoted +1. 
See text for details. Modified from (18). 

Initiation of transcription 
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stepwise addition of ribonucleoside triphosphates into a growing RNA chain. 
It is complementary in sequence to the non-coding strand and it is synthe-
sized in a 5´ to 3´ direction.  

Initiation of transcription can be divided into four main substeps, each of 
which can be rate limiting (i) RNAP binding of DNA in a closed complex, 
(ii) isomerization that forms the open complex, (iii) initiation, and (iv) elon-
gation (148) (see Figure 12). For a review on promoter initiation, see (66) 
and (18). 

Formation of the closed complex involves recognition and binding of the 
promoter sequence by RNAP. The non-specific DNA binding of RNAP 
holoenzyme allows it to diffuse along the DNA molecule which facilitates 
promoter localization. In the closed complex, the DNA is double-stranded, 
and the overall stability of the closed complex is generally very low. 

Conversion of the closed to open complex follows a sequence of confor-
mational changes in both the DNA and the protein, which results in site-
specific strand separation about one helical turn of the promoter DNA, -10 to 
+2 (169). Strand opening is catalyzed by the action of the σ subunit and is 
strongly influenced by the DNA twist, the spacer length, and the template 
topology. Several different open complexes can form. That opening of the 
DNA helix occurs at temperatures below the melting point may be explained 
by studies that indicate that the DNA is wrapped around the RNAP (133). 

When substrates NTPs are bound to the binary complex, it is converted 
into a ternary complex. The correct NTPs are discriminated by base pair 
formation with free bases of the template strand exposed in the catalytic site. 
Correctly bound nucleotides are linked to the proceeding nucleotide. The 
initiating ternary complex starts to synthesize short RNA chains up to a 
length of about 10 nucleotides. The short RNA chains are released as abor-
tive products. This process is normally repeated many times, but at some 
point the initiating complex is converted from the abortive to a processive 
complex. This step is termed promoter escape or promoter clearance and is 
characterized by the release of the σ factor. 

Regulation of transcriptional initiation 
There are five distinct mechanisms that regulate transcriptional initiation. 

These involve transcription factors, promoter DNA sequences, σ factors, 
small ligands and DNA structure (18). Activation and repression of tran-
scription is primarily caused by regulatory proteins (activators or repressors), 
which act by binding to specific sites on DNA. The regulatory proteins can 
affect many steps in transcription, from initial binding to many of the inter-
mediate structures the polymerase undergoes to its way to promoter clear-
ance  (43, 89, 95, 98, 102, 128, 145).  

Transcription factors can be regulated in several ways: (i) they can be 
modulated by small ligands (103), (ii) they can be modulated by covalent 
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modifications (36), (iii) by cellular concentration of the transcription factor 
(37). 

Mechanisms for transcriptional repression 
Three general mechanisms are used for reducing transcriptional initiation 

by transcription factors: (i) steric hindrance of RNA polymerase binding to 
promoter DNA (103), (ii) DNA-looping, which shuts of transcription initia-
tion in the looped part of the DNA (30), (iii) anti-activator, preventing the 
initiation by binding to a transcriptional activator (152). 

 
Figure 13. Mechanisms for repression (a-c) and for activation (d-f) of transcrip-
tional initiation. See text for details. Modified from (18). 

Mechanisms for transcriptional activation 
Transcription factors can utilize three general mechanisms for the activa-

tion of transcriptional initiation (18). In Class I activation, the activator binds 
to the target situated upstream of the -35 element. Thereafter the RNA poly-
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merase is recruited by an interaction with the αCTD of the RNA polymerase 
(45). The Class II mechanism involves the binding of the activator to a target 
that overlaps the -35 element and contacts the σ subunit (107). In the third 
class of activation, the activator alters the topology of the target promoter to 
facilitate the interaction between the RNA polymerase and the promoter 
(17). 

DNA-Bending and transcriptional regulation 
Bending is a common property of transcription factors, both repressors 

and activators (171). The bending angles may be important parameters in 
regulation of gene expression, but rules deciding the relation between the 
bending and transcription rates are not known (171).  

Transcriptional repressors 
For long it has been assumed that transcriptional repressors inhibit tran-

scription by steric hindrance, i.e. by preventing the access of the RNA poly-
merase to promoter sequences. Lately it has been shown that DNA itself 
could influence repression by playing a more dynamic role, leading to en-
hanced repression. RNA-polymerase binding is for example not mutually 
exclusive to some repressors, such as KorB and LacI (158). Other repressors 
have their binding sites located at a certain distance from the RNA-
polymerase binding site. In this case repressor binding may cause DNA-
looping. 

Many repressors bend the DNA at their target sites, which could contrib-
ute to repression efficiency. There are different ways repressor-induced 
bending could repress transcription (124); 

(i) assembly of complex repression structures, where a repressor-induced 
bending could compensate for poor protein-protein interactions or protein-
DNA recognition, or a nucleoprotein-complex with DNA wrapped around 
the repressor, which could mask the promoter core and hinder the access of 
RNA-polymerase. 

(ii) inhibition of RNA-polymerase-promoter contacts by misoriented 
DNA bending, i.e. repressors bending DNA in the opposite direction com-
pared to RNA-polymerase-induced bending and thereby inhibiting the action 
of RNA-polymerase. 

(iii) repression by distant DNA curvatures, where bending, depending on 
phase either can favor or inhibit upstream DNA-RNA polymerase interac-
tions. 

Transcriptional activators 
Activator-dependent initiation of transcription frequently involves forma-

tion of protein-directed DNA bends and/or protein-protein contacts. Apart 
from being the energetically most favorable conformational state of the 
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DNA-protein complex, bent DNA could function in several ways to enhance 
transcription. (i) Bending might mediate the interaction of proteins bound to 
dispersed sites or at unfavorable phasing. (ii) Alternatively, energy stored in 
protein-DNA bends could cause local structural changes in the promoter that 
in turn enhance or stabilize binding of other proteins or facilitate opening of 
the DNA helix. (iii) Finally, this stored energy could also be used after initia-
tion to promote the transition from initiation to elongation by increasing the 
dissociation of RNA-polymerase from an initiation complex. These possi-
bilities are not mutually exclusive (171). 

In most promoters, activation elements are located at one of two positions 
relative to the start of transcription. The proximal site (-40 to -80) is typi-
cally the target for activator proteins which contact RNA-polymerase di-
rectly, although in some cases curved DNA also appears. Distal sites might 
be located within 200 bp upstream, and they frequently include intrinsically 
curved DNA or target sites for proteins which bend DNA (typically IHF or 
FIS). 

Activators which bend DNA near RNA-polymerase binding sites always 
favor formation of the closed complex and, in some cases, formation of open 
complex. Within proximal sites, the independent contributions to transcrip-
tion initiation of DNA curvature alone and of protein-protein contacts alone 
are difficult to separate. Since RNA-polymerase-activator contacts are ex-
tremely weak in absence of DNA, activator binding and DNA bending could 
be a prerequisite for closed complex formation. 

The lysis-lysogeny switch of bacteriophage λ 
One of the most thoroughly investigated transcriptional switches is the ly-

sis-lysogeny switch from the temperate bacteriophage λ. After infection of 
the host cell, the bacteriophage can either enter the lytic pathway, in which 
case the host cell ultimately lyses to release progeny phages, or the bacterio-
phage enters the lysogenic pathway, in which case the phage genome is 
stably integrated into the host genome. This choice of lifestyle is mediated 
by a transcriptional switch, which consists of four promoters, and three pro-
teins. For a short, recent review, see (41), and for a more extensive explana-
tion see (127). 

DNA sites 
The two early promoters, PR and PL are essential for the lytic pathway. 

Each promoter partially overlaps an operator region, called OR and OL re-
spectively. The operator regions are separated by 2.4 kb and each consist of 
three 17 bp operator sites, OR1, OR2, OR3, for OR, and OL1, OL2, OL3 for OL 
(Figure 14). The CI repressor has the highest affinity for OR1 and OL1 sites, 
and the lowest affinity for the OR3, and OL3 sites, while the affinity is re-
versed for the Cro protein  
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The PRM promoter is also controlled by the OR operator, and both nega-
tively and positively regulates the production of the CI repressor. 

The PRE promoter is activated by CII and therefore important for the ini-
tial establishment of the lysogenic state (126). It consists of a pair of direct 
repeats bracketing the -35 element. 

The Proteins 
The CI repressor is the key component in the lytic-lysogeny switch. The 

DNA binding N-terminal domain contains a helix-turn-helix motif. The C-
terminal domain has been shown to be involved in intermolecular interac-
tions between CI repressors and cooperative binding (8). The crystal struc-
tures of the tetrameric and octameric C-terminal domain revealed that the CI 
dimers present two interfaces for interaction situated at approximately 90° 
from each other, and contacts two other dimers simultaneously (8, 9). 

The Cro protein is a helix-turn-helix motif containing repressor. It has 
been shown to be dimeric in solution (97), and to bind DNA as a dimer (73). 
Further the protein has been shown to bend the DNA target by about 40° 
(16). 

The stability of the CII protein determines whether the switch is turned to 
the lysogenic or lytic state. The CII activator is tetrameric in solution. It 
binds to PRE in the switch, and stimulates both the formation of the open and 
closed complex. CII, σ and the α subunit of RNA polymerase form an inter-
connected complex (78, 96). The contacts are to be defined, and it is un-
known if CII binds as a tetramer. 

The lysogenic state 
In the lysogen two CI dimers are bound cooperatively to OR1/OR2 and 

OL1/OL2 to prevent transcription from PR and PL. A CI dimer bound at OR2 
activates the transcription of the PRM promoter, while a CI dimer bound at 
OR3 inhibits transcription. The repression is enhanced by an OL-CI-OR com-
plex, which is formed by a long range interaction induced by the octameriza-
tion of the CI repressor (4, 40, 130). The resulting DNA-loop juxtaposes OL3 
and OR3, enabling cooperative CI binding between OL3 and OR3 resulting in 
PRM repression (Figure 14). This additional level of cooperativity leads to a 
less concentration-sensitive regulation (163). 

The activation of the PRM promoter by the CI repressor bound at OR2 is 
accomplished by a direct protein-protein interaction between two residues in 
the helix-turn-helix motif and four residues in region 4 of the σ subunit of  
RNA polymerase (72). This cooperative binding accelerates the isomeriza-
tion step, and thereby facilitates transcription from the PRM promoter (42).  

The lytic state 
To induce the prophage, PL and PR must be derepressed to initiate tran-

scription of the lytic genes. This is accomplished by activation of the RecA 
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protease which binds to CI and promotes auto cleavage of CI. The early lytic 
protein, Cro is transcribed after induction. Cro binds to the same three sites 
at OL and OR as CI repressor, but with opposite affinities. When Cro binds to 
OR3, it prevents transcription of cI from PRM. At higher concentrations it 
binds to OR2 and OR3 and represses transcription from PR. Recent findings 
indicate that Cro may have a less important role in prophage induction than 
previously believed (40, 163). 

 
 

Figure 14. λ CI-mediated regulation of the PR, PL, and PRM promoters. Modified 
from (41). See text for details. 
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Present investigation 

Aim of the study 
The aim of this thesis was to investigate two proteins involved in the 

choice of the life mode of the temperate bacteriophage P2, the P2 integrase 
and the P2 Cox protein. The main focus has been on a structure-function 
level, trying to identify amino acid residues and parts of the proteins impor-
tant for biological function and their mode of action.  

Specific Methods 
The methods used in this work are described in detail in the manuscripts, 

but some general background to the methods is given below. 

Repressor fusion system 
To examine the ability of a protein to dimerise and bind cooperatively or 

oligomerize, an in vivo system based on the λ CI repressor has been devel-
oped (68, 186). λ CI binds to the λ operator only if it is dimeric. The DNA-
binding is mediated by the N-terminal domain while the dimerization do-
main is situated in the C-terminus. When fusing a protein of interest to the 
DNA-binding N-terminal domain, one is able to investigate the ability of the 
protein to dimerise, using a λ operator overlapping a promoter which is di-
recting a lacZ gene as a reporter. Cooperative binding/oligomerization is 
assayed in a strain with a strong upstream operator and a weak promoter-
proximal operator, where repression of a reporter gene will be correlated to 
the capacity to bind cooperatively or form oligomers. The level of transcrip-
tion is monitored by liquid β-galactosidase assay. Low activity means that 
the fusion protein is binding DNA, which indicates that it is capable of form-
ing dimers or oligomers. 
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Circular permutation analysis 
As shown by Wu and Crothers (179), bent DNA can be detected by its 

anomalous migration in native polyacrylamide gels. The positions of the 
protein-induced bend determine the electrophoretic mobility of the protein-
DNA complex, since the mobility of a DNA fragment is dependent on the 
mean square end-to-end distance. Reduction of migration is maximal when 
the bend is located at the centre of a DNA fragment and minimal when it is 
located near the ends. 

Different substrates were cloned into the bending vector pBend2 (80), 
which contains two tandemly repeated restriction enzyme cleavage cassettes 
with a cloning site in between. When cleaving this plasmid with different 
restriction enzymes, DNA substrates of the same length but with the insert at 
variable positions relative the ends, are produced. The protein of interest is 
incubated with these fragments and run on a native PAGE. If the protein 
bends the cloned fragments, they would migrate differently depending on 
where the insert is situated relative to the ends (179). In this way one is able 
to (i) examine if a protein is able to bend its targets, (ii) determine where the 
bending centre is situated, and (iii) calculate the bending angle (165). 

Results and Discussion 
 
This chapter is a summary and also considers further speculations of the 

results presented in the manuscripts. 

List and brief summary of the papers 

Paper I – The multifunctional bacteriophage P2 Cox protein requires 
oligomerization for biological activity 

In Paper I the protein-protein interaction between Cox protomers and the 
biological impact of oligomerization of P2 Cox was investigated. This was 
done by introducing single point mutations in the cox gene. The ability of the 
mutated proteins to oligomerize and their biological activity were analyzed. 

Paper II – A comparative analysis of the multifunctional Cox proteins of the 
two hetero-immune bacteriophages P2 and WΦ 

In Paper II a comparison between the Cox proteins of two coliphages, P2 
and WΦ, are made. Furthermore, the interaction between Cox and DNA was 
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investigated, where the effects of Cox-DNA binding on the DNA topology 
were analyzed. 

Paper III - Identification and characterization of amino acids important for 
dimerization of bacteriophage P2 integrase 

Paper III concerns the dimerization of the P2 integrase and the amino ac-
ids involved in the protein-protein interaction. This was done by introducing 
point mutations in specific parts of the P2 int gene, which have been shown 
to result in defective integrase, and deleting a part coding for the C-terminal 
tail of the integrase. 

P2 Cox forms multimers in vivo (Paper I) 
The oligomeric state of P2 Cox was examined to gain a deeper insight in 

the action of the Cox protein at the different DNA targets. An in vivo system 
was used, where the cox gene was cloned into the repressor fusion system 
described above (section “Specific Methods”). In this assay the P2 cox con-
struct dimerized as good as wild-type λ CI repressor. The construct was 
thereafter transformed into another strain, where it was possible to distin-
guish oligomerization from dimerization. These results showed that P2 Cox 
oligomerized in vivo. When aligning the P2 Cox amino acid sequence with 
the related, multimeric HP1 Cox and the monomeric Apl protein of bacterio-
phage 186, it became evident that P2 Cox and HP1 Cox have some amino 
acids in the C-terminal part that are identical, while the monomeric Apl 
shows no identity in that part. This further strengthens the indications that 
the C-terminal part is involved in oligomerization. 

P2 Cox forms dimers, trimers, tetramers and octamers in vitro 
(Paper I and II) 

The results obtained from the repressor fusion assay were analyzed in vi-
tro, where the aim was to characterise the exact number of Cox protomers 
forming the oligomers. This was done by two in vitro techniques, size exclu-
sion chromatography and cross linking assay. In the size exclusion experi-
ment, highly concentrated Cox was analysed. Two distinct peaks eluted, one 
corresponding to tetrameric Cox with a Stokes radius of 26 Å, and the other 
corresponding to octameric Cox with a Stokes radius of 37 Å. To be able to 
analyse Cox oligomerization at lower concentrations, a cross linking assay 
using sulfo-DTS was developed. This gave the same result as the size exclu-
sion chromatography, i.e. tetrameric and octameric Cox at 12.5 µM Cox 
concentration. The Cox protein of the P2-related HP1 phage confirms this 
finding since it also has been shown to form tetramers and octamers (49). 
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However, using glutaraldehyde as a cross-linking agent, also trimeric Cox 
could be detected.  

P2 Cox binds cooperatively to DNA (Paper I) 
Previously performed footprint assays (138) have indicated a highly co-

operative DNA-binding of the Cox protein. Cox cooperative binding to DNA 
was therefore investigated by gel retardation assay in the nM-µM scale. Per-
cent retarded DNA was plotted against Cox concentration, which resulted in 
a sigmoid curve, suggesting that Cox binds cooperatively to its cognate sites. 
Three shifts were detected, where the first shift probably consists of 
tetrameric Cox bound to the DNA, target, while the second shift is the result 
of octameric Cox forming a complex with DNA. The third shift is probably 
Cox binding non-specifically to DNA. This interpretation of the results is 
further strengthened by the fact that HP1 Cox has been shown to bind to 
DNA as a tetramer and octamer (49). 

Oligomerization is essential for DNA binding and P2 Cox activity 
(Paper I) 

Several Cox proteins with amino acids substitutions were analysed for 
their function as transcriptional repressor/activator, excisionase, and DNA 
binding. Cox repression and activation were monitored in CAT (Chloram-
phenicol acetyltransferase) assays and excision was monitored as production 
of free phages from a cox defective P2 lysogen transformed with plasmids 
encoding the different mutants. These cox mutants were further investigated 
for their ability to oligomerize, both in vivo and in vitro. The results showed 
that there is a correlation between the ability to oligomerize and biologically 
active Cox. In fact 4 out of 5 cox defective mutants were incapable of form-
ing oligomers. Thus it seems as if oligomerization is essential for DNA bind-
ing and biological activity. 

The C-terminal part of the P2 Cox protein is involved in 
oligomerization (Paper I) 

The Cox protein from bacteriophage HP1 and the Apl protein from bacte-
riophage 186 are related and have analogous functions and similar sequences 
to P2 Cox. The native size of both proteins has previously been determined. 
The HP1 Cox forms tetramers which can self-associate to form octamers, 
both in solution and when bound to DNA (49), while Apl is monomeric in 
solution (150). When aligning the three proteins predicted secondary struc-
ture calculated according to (135, 136), the N-terminal parts show high simi-
larity. The presumed DNA-binding domain is the helix-turn-helix motif at 
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the N-terminus, but in the case of the Apl protein the second helix is absent 
in the predicted secondary structure. The oligomerization domain could be 
situated at the C-terminus and there is in fact a patch which shows some 
identities between the oligomer-forming HP1 Cox and P2 Cox, which is 
absent in Apl. 

The analysis of the mutants, together with the comparison of HP1 Cox 
and 186 Apl, suggests that the oligomerization function is situated in the C-
terminal half of the Cox protein. The results further imply that the Cox pro-
tein lacks distinctive domains, since a mutation (cox107) in the presumed 
helix-turn-helix motif decreased the oligomerization ability of Cox, while 
another mutation (cox3) resulted in a completely inactive and probably miss 
folded protein.  

One mutation (cox130) resulted in a protein with unexpected characteris-
tics. Cox130 showed reduced repression, activation and excision functions. 
But this reduction was not due to a reduced ability to form oligomers. On the 
contrary the Cox130 protein showed an increased oligomerization capacity 
compared to wild-type Cox in the cross-linking assay. Furthermore, the 
Cox130 protein showed an increased DNA-binding capacity in the gel retar-
dation assay compared to wild-type Cox. This could, however, be due to the 
strong oligomerization function. 

Another mutation turned out to be interesting as well, but from another 
point of view. The cox2 mutation gave a protein that was still able to form 
oligomers at a low frequency, but was defective in DNA-binding, transcrip-
tional activation/repression and excision. In fact it was the mutation that 
gave the most defective protein in transcriptional repression and prophage 
excision. These results imply that there is no direct correlation between oli-
gomerization deficiency and biological inactivity of the P2 Cox protein. On 
the contrary, the cox2 mutation seems to directly alter the Cox proteins DNA 
binding capacity. 

Investigation of the WΦ Cox binding sites (Paper II) 
The DNA substrate of WΦ Cox in the PePc region was determined by 

DNaseI footprint assay. The Cox protein was protecting a 60 nucleotide re-
gion containing a directly repeated 12 nt sequence. The Pc transcriptional 
start site was protected, but not the -10 and -35 region of WΦ Pc as is the 
case in the P2 system. The assay also indicated that the WΦ Cox protein 
binds cooperatively to the WΦ Pe Pc region. 
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Comparison of P2 and WΦ Cox in vitro oligomerization (Paper 
II) 

The oligomerization ability of P2 and WΦ Cox was investigated and 
compared using glutaraldehyd as a cross-linking agent, resulting in dimeric 
and trimeric complexes for the WΦ Cox. When comparing the oligomeriza-
tion capacity, it becomes obvious that the P2 Cox protein has a higher ten-
dency to form higher order complexes. 

Domain swapping between P2 Cox and WΦ Cox (Paper II) 
To clarify the function of the predicted α-2 helix in the presumed DNA 

recognition motif of P2 and WΦ Cox, a stepwise modification of the helix 
was performed, exchanging the amino acids in the WΦ Cox protein to amino 
acids from the P2 Cox. From the results it was concluded that amino acid 
residue T29, E28, and V32 in WΦ (corresponding to G26, T25, and R29 in 
P2) are not involved in the binding specificity of Cox to the DNA substrates. 
Residue K36 (D33 in P2) on the other hand is vital for DNA binding. Since 
an amino acid substitution in that position abolishes DNA binding to both 
WΦ and P2 DNA substrates, the residue could be context-sensitive, i.e. it is 
dependent on other residues to function normally. Additionally three differ-
ent hybrid proteins were constructed but neither bound to P2 DNA nor WΦ 
DNA. 

DNA length requirement for specific P2 Cox-DNA interactions 
(Unpublished) 
Most sequence specific DNA binding proteins have non-specific as well as 
sequence-specific DNA binding capacity, and we were interested in elucidat-
ing the DNA requirements for specific P2 Cox binding. Four Cox box con-
taining DNA fragments of different lengths, originating from the P2 Pc re-
gion, were used to analyze the Cox binding specificity in competitive gel 
retardation assays. The respective 5´ end-labeled fragments cb28 (three Cox 
boxes from the P2 Pc region), cb89 (six Cox boxes from the P2 Pc region), 
cb150 (six Cox boxes + 60 nt), or cb300 (six Cox boxes + 110 nt) were in-
cubated with the purified Cox protein and either unlabelled specific or non-
specific competitor DNA was added. The amount of Cox bound to the la-
beled DNA was determined by a non-denaturing PAGE followed by Phos-
phorImage analysis. The results obtained with the different substrates were 
compared and are shown in Figure 15 and Figure 16, where the percent 
shifted labeled DNA of the total labeled DNA is plotted against the ratio of 
unlabelled and labeled DNA. The cb28 fragment contains the three Cox 
boxes from the Pc region with the highest identity to the consensus se-
quence, i.e. Cox box 3, 4 and 5. Cox was found to bind non specifically to 
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the cb28 fragment, since there was almost no difference between using a 
specific or nonspecific competitor DNA (Figure 15).  

 

Figure 15. Competitive gel retardation assays with 5´ end-labelled cb28 fragments. 
The specificity of Cox binding to the labelled 28 bp DNA fragment, cb28, contain-
ing 3 Cox boxes from the Pc region was analysed by plotting the amount of DNA 
shifted out of the total labelled DNA against the unlabelled/labelled DNA ratio. 7.5 
pmol of Cox protein was incubated with 1 pmol of the 5´ end-labelled DNA, and 
different amounts of cold core (diamond symbols) or cold cb28 (square symbols and 
dotted line) DNA fragments. 

 
When using fragment cb89, that contains all six, well-protected Cox 

boxes, a higher specificity was obtained compared to fragment cb28 (Figure 
16). Increasing the length of the DNA flanking the Cox boxes, as with frag-
ments cb150 and cb300, the specificity of the binding increased. The binding 
capacity increased with increasing DNA-substrate length (from 67% (cb89) 
to 88% (cb300)). Since the binding specificity and capacity increased with 
the length of the flanking DNA, the low values obtained using cb28 can be 
due to the lack of flanking DNA or/and lack of all six Cox boxes.  

For all substrates the percent bound DNA decreased to 5% at a DNA ratio 
of 25 when adding cold specific competitor (data not shown). 
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Figure 16. Competitive gel retardation assays with DNA fragments of different 
length. Competitive gel retardation assays were performed with 5´ end-labelled cb89 
(triangle symbols and dotted line), cb150 (square symbols and broken line) and 
cb300 (diamond symbols) DNA fragments. 1.5 pmol Cox protein was incubated 
with 0.05 pmol 5´-labelled Cox box containing DNA fragments, and cold specific 
competitor DNA was added. The amount of labelled DNA shifted out of the total 
labelled DNA was quantified and plotted against the unlabelled/labelled DNA ratio. 

Specific P2 Cox and WΦ Cox binding induces a large bend in 
the DNA targets (Paper II) 

The topological effect of Cox binding on the DNA was investigated using 
the circular permutation assay (for an explanation of the assay see section 
“Specific Methods”). All three P2 Cox substrates, Pc, PLL and attP were 
analysed and showed that Cox bends the targets substantially (app. 125°), 
upon binding. The centre of the bend was located between Cox box 3 and 4 
in the P2 substrates and between Cox box 4 and 5 in the P4 substrate. These 
bending centres did not coincide with the centre of the substrate, since they 
were designed to minimize the occurrence of an artificial bending in the 
centre of the DNA molecule rather than the actual bending centre induced by 
the Cox protein. The same targets were analysed for intrinsic curvature and 
no bend was detected. When using a substrate with 4 Cox boxes cloned in 
the circular permutation assay vector, neither bending nor specific binding to 
the target was detected. 
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Since the organisation of the Cox boxes in the DNA targets of WΦ Cox is 
different compared to P2 Cox DNA targets, it was decided to investigate 
whether WΦ Cox could also bend its targets. Therefore the bending ability 
of WΦ Cox was examined by the circular permutation assay against a DNA 
substrate containing the Cox binding sequence of the WΦ Pe-Pc region. It 
was shown that WΦ Cox could bend the DNA substrate and the bending 
angle was estimated to be slightly larger (150°) than for P2 Cox. It should be 
mentioned though, that the circular permutation assay only detects rather 
large bends, so the results are a rough estimate when it comes to exact bend-
ing angles, i.e. minor differences in bending angles between the substrates 
are not detected. 

P2 Cox does not bend DNA when binding non-specific 
substrates (Paper II) 

The P2 Cox-DNA interaction was further investigated with focus on bind-
ing-specificity and bending. This was done by analysing how Cox topologi-
cally affects substrates containing 3 or 4 Cox boxes, i.e. substrates to which 
P2 Cox does not bind specifically to (see above). This showed that Cox is 
unable to bend DNA when binding non-specifically. This indicates that Cox 
uses the energy gained by specific binding to induce the bend. In this case 
the P2 Cox protein is different compared to the λ Cro protein, which has 
been shown to bend when binding non-specific DNA. 

P2 integrase forms dimers in vivo, but does not show 
cooperative binding or oligomerization (Paper III) 

To get a deeper understanding of the formation of the intasome and the 
formation of the Holliday structure during recombination, the native size of 
integrase was determined in vivo in the repressor fusion system (see 
“Specific Methods”). These results show that P2 Int has a strong dimeriza-
tion function, even stronger than the reference protein λ CI repressor. To 
investigate if the results in the dimerization assay were due to oligomeriza-
tion, P2 Int was tested in the oligomerization/cooperative binding strain of 
the repressor fusion system. P2 Int showed in our experiments just a slight 
oligomerization/cooperative binding. This could be due to several circum-
stances. (i) Fusing P2 Int to the N-terminal part of the CI repressor, 
hides/destroys the part involved in the oligomerization/cooperative binding, 
(ii) the DNA sites in the repressor fusion system are only separated by 7 
basepairs, which is not enough for the DNA flexibility required for Int oli-
gomeric protein interactions, or an active DNA bend is required for the cor-
rect alignment of the different Int molecules, (iii) there is no strong oli-
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gomerization/cooperative binding function involved in biological active P2 
integrase.  

The cross linking assays showed that P2 Int only forms dimers in solution 
under the conditions used.  

Sequencing of int defective mutants (Unpublished) 
The int genes from a previously isolated (by E.L. Bertani) collection of 48 

P2 mutants, unable to form lysogeny, were sequenced. 28 of the mutants 
were found to have single point mutations located within the coding part of 
the gene (Figure 17). 21 different amino acid residues were affected and 
they are clustered in five regions. One at the N-terminus, one region around 
aa 130, one region at patch 1, one region in Box I and one region within Box 
II. The characteristics of the point mutations and a comparison to the analo-
gous amino acids in HP1, λ, and Cre recombinases are shown in Table III.  

The sequencing further revealed several double point mutations and non-
sense mutations (data not shown). 

Seven single amino acid substitutions were chosen for the initial struc-
ture-function analysis of the P2 integrase, R26H, D57N, L83P, S131N, 
E169K, E197K, and G283E (Figure 17). 
 

Figure 17. Positions of the seven amino acid substitutions (in bold character) chosen 
from the results obtained from the sequencing of the int mutants. The boxes repre-
sent regions conserved among the Int-family of recombinases. 
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Table III. A list of the different amino acid substitutions in the P2 integrase leading 
to integration defective phage 
aa-# aa subs. Cons.

* 
      Analogous aa 
HP1          λ            Cre 

  Structural motif 
HP1       λ       Cre 

Motif 

14 D -> N         
16 R -> C         
22 G -> E         
24 R -> H         
26 R -> H         
57 D -> N         
62 S -> P         
83 L -> P         
122 S -> N/L         
131 S -> N         
132 G -> Y         
164 Y -> C - F173 R179 A136 L L L - 
169 E -> K ++ D178 E184 D141 αA αA αA Patch 1 
192 G -> R ++ G205 G210 L171 L L L Box I 
197 E -> K ++ E210 D215 E174 αC αC αC Box I 
199 A -> V + E212 C217 A178 αC αC L Box I 
265 G -> E - G276 S299 A275 L L L - 
272 R -> K +++ R283 R311 R292 αF αF αF Box II 
277 T -> I + S288 A315 R297 αF αF αF Box II 
283 G -> E ++ G294 Q321 G302 L αF L Box II 
284 G -> R - G295 I322 Y303 L L L Box II 

* Consensus when comparing 80 prokaryotic members of the tyrosine re-
combinases (113). 

Residues affecting Int dimerization are located in the C-terminal 
part of the protein (Unpublished results) 

R26H, D57N, L83P, S131N, E169K, E197K, and G283E were introduced 
into the repressor fusion system (Figure 18). The results showed that one 
amino acid substitution, E197K, resulted in a dimerization defective inte-
grase. Two additional amino acid substitutions did affect the ability of the 
integrase to dimerize, E169K, and G285E. However the introduced amino 
acid substitutions showed a residual dimerization function, although signifi-
cant lower than that of wild type integrase. None of the other amino acid 
substitutions (R26H, D57N, L83P nor S131N) did affect the dimerization 
capacity of the integrases.  
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Figure 18. In vivo dimerization assays of selected int mutants. Each column shows 
the results from three independent ß-galactosidase measurements of crude extracts 
of E. coli transformed with the plasmids expressing the Int variants indicated below 
the columns. 

The absolute C-terminal end is also involved in dimerization of 
P2 integrase (Paper III) 

The integrase of the P2-related HP1 bacteriophage has been shown to 
form dimers, mediated by a "Yin-Yang style" interaction between the C-
terminal ends of the protomers (67). Due to the resemblance between the P2 
Int and the HP1 Int, we were interested in the ability of C-terminal truncated 
P2 Int to form dimers in the repressor fusion assay. Two different truncations 
were made, lacking either 17 amino acids (C17) or 25 amino acids (C25). 
The results show that the C-terminal truncated P2 integrases are unable to 
dimerize. These results imply that the P2 Int dimer formation is mediated by 
the C-terminal tail of the protomers, analogous to HP1 Int dimerization. In 
the λ system the C-terminal seems to be involved in interaction between 
protomers and the regulation of integrase activity. 

Residue E197 in P2 integrase is involved in Int dimerization 
(Paper III) 

Amino acid residue E197 was in the initial study shown to be a candidate 
amino acid important for protein-protein interaction as well as for biological 
activity (see above). In the repressor fusion system it was shown that the 
dimerization function of an E197A integrase was reduced. From these results 
it was concluded that the amino acid E197 is either directly or indirectly 
involved in dimerization. One interesting aspect is that analogous amino 
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acids in the structural determined HP1 integrase and the λ integrase have 
been shown to be situated in the catalytic pocket.  

Capacities of the mutated and truncated Int proteins to 
complement the int1 defective P2 prophage (Paper III and 
unpublished results) 

To examine the ability of the mutants to complement the E197K substitu-
tion, the mutated int genes were cloned into pET8c, and transformed into 
strain C-2810 which contains the int1 defective P2 prophage harbouring the 
E197K substitution. The abilities of the transformed C-2810 strains to form 
phages spontaneously during growth were analyzed. As can be seen in Table 
IV, Int D57N is able to complement P2 int1. One interesting observation is 
that a functional intasome can be formed between the dimerization defective 
integrase encoded by the prophage, and the integrases containing the D57N 
substitution. 
 

Table IV. Spontaneous phage production of the P2 int1 defective prophage in strain 
C-2810 containing Int expressing plasmids (unpublished results). 

Plasmid Int protein 
expressed 

Relative spontaneous phage 
production * 

pET8c No Int <2.5 x 10-5 
pEE2001 wt Int 1 
pEE2008 ∆2-3Int 1 
pEE2009 Int-R26H 7.5 x 10-4 
pEE2010 Int-D57H 0.8 
pEE2011 Int-L83P <2.5 x 10-5 
pEE2012 Int-131N <2.5 x 10-5 
pEE2013 Int-169K 2.5 x 10-2 
pEE2014 Int-197K <2.5 x 10-5 
pEE2015 Int-G283E 3 x 10-5 

*The PFU/CFU for strain C2810 containing plasmid pEE2001 is set to 1. 
 

The C-truncated integrase proteins and E197A Int protein bind 
normally to the phage attachment site but do not retain full 
recombination activity (Paper III) 

The C-truncated integrases and the Int-E197A were subjected to gel retar-
dation assay to investigate the DNA binding abilities of the proteins. The 
integrases were found to bind to substrate DNA in the same manner as the 
wild type protein. When analysing the proteins in a complementation assay it 
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was shown that the truncated integrases were severely defective in recombi-
nation activity, while the E197A had a slightly reduced activity. 

 

Table V. Summary of the Structure function study of P2 integrase. 

Protein Dimerization int1 complemen-
tation 

DNA binding 

Int ++++ +++ +++ 
IntR26H ++++ - n.d. 
IntD57N ++++ +++ n.d. 
IntL83P ++++ - n.d. 

IntS131N ++++ - n.d. 
IntE169K ++ + n.d. 
IntE197K - - n.d. 
IntE197A - ++ +++ 
IntG283E ++ - n.d. 
Int ∆C17 - - +++ 
Int ∆C25 - - +++ 
n.d. = not determined 

P2 Int cleaves single stranded DNA (Unpublished results) 
The P2 core region consists of 25 base pairs with a so called top-strand 

and a bottom-strand. The exact cleavage site in the core region is not known 
for P2 integrase. An assay was set-up, with the intention to localize the 
cleavage site. When using double-stranded DNA substrates in the assay, no 
cleavage products were detected. This could be due to difficulties in trapping 
the cleaved DNA substrates, since the joining reaction probably is very fast. 
Different suicide substrates were also tested, without success.  

Instead, the top-strand or the bottom strand were radioactively 5´ and 3´ 
labelled and incubated with P2 integrase. In this assay, using a single 
stranded substrate, the DNA was specifically cleaved as shown in Figure 19. 
There was one base pair difference depending on whether the substrate was 
5´or 3´ labelled. When combining the results from the assay, the results lead 
to a substrate with 3´overhang as opposed to other related systems, where the 
integrase-induced cleavages results in substrates with 5´overhangs. 
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Figure 19. Summary of the results from the in vitro cleavage assay. The inverted 
repeat is indicated by block arrows. The broken lines represent the fragments ob-
tained with 3´labelled oligonucleotides and the filled lines represent the results ob-
tained with 5´labelled oligonucleotides. 

Conclusions and speculations 

The Cox boxes of phage P2 - a closer inspection and thoughts  
In previous articles (138, 184) it has been suggested that there are three 

Cox boxes in the P2 Pc region, four in the P4 PLL region and six Cox boxes 
in the P2 attP region. When inspecting the data obtained from these investi-
gations, several other Cox boxes were identified, which where in the regions 
protected by the Cox protein in foot-printing assays. This resulted in six Cox 
boxes in the P2 Pc region and eight Cox boxes in the P4 PLL region (see 
Table VI) were detected. Visualizing a model for Cox-DNA interactions is 
challenging since the Cox boxes are arranged differently in respect to direc-
tion and phasing. The eight Cox boxes in the P4 PLL region could reflect the 
need for the P4 phage to “win” the competition against the P2 Cox boxes 
when it comes to Cox recruitment. The  8 Cox boxes at P4 PLL will result in 
a larger DNA ”surface” which could ”catch” the Cox protein and it could 
also increase the affinity for the Cox protein, compared to 6 Cox boxes in the 
P2 substrates. When looking at the different substrates, it becomes obvious 
that the P4 PLL region is the only substrate that contains 2 Cox boxes that 
show 100% identity compared to the consensus sequence. Further, there is 
72 % identity to the consensus sequence when investigating all 8 Cox boxes. 
This should be compared to 61 % identity in the P2 Pc region. 

When aligning the different Cox boxes (Table VI) a pattern becomes evi-
dent where the first five nucleotides show 73 % identity while the last four 
show 55% identity. It can also be noted that the intact triplet of adenines can 
be found in 15 out of 20 Cox boxes.  

 

5’-AAATAAGCCCGTGTAAGGGAGATTT-3’ 
 
3’-TTTATTCGGGCACATTCCCTCTAAA-5’ 
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Table VI. Sequence comparison of Cox boxes (Modified from (184)) 

 
Phage 

and 

region 

Cox 

box 

no. 

Direc-

tion * 

Sequence (5´-3´) iden-

tity nt 

1-5 

iden-

tity nt 

6-9 ** 

iden-

tity 

nt 1-9 

1 L T G A A A G C C C 4/5 3/4 7/9 

2 L A T T G T A C C G 1/5 2/4 3/9 

3 L T C A A A C C C G 4/5 2/4 6/9 

4 R A T A A A T T A C 4/5 1/4 5/9 

5 R T G A A A G C C C 4/5 2/4 6/9 

P2  

attP 

6 R T T A A A C G T T 5/5 1/4 6/9 

1 L C T A A A C A A T 4/5 1/4 5/9 

2 R A T G T G G G C A 1/5 4/4 5/9 

3 R T A A A A G G C A 4/5 4/4 8/9 

4 R T A T A A G A C A 3/5 4/4 7/9 

5 R T T A A A C G C A 5/5 3/4 8/9 

P2 Pc 

6 R T T C A T G A G G 3/5 2/4 5/9 

1 R T A C A A T G G C 3/5 1/4 4/9 

2 L A A A A A C A C A 3/5 3/4 6/9 

3 R T T C A T C T C C 3/5 2/4 5/9 

4 R T T A A A G T C A 5/5 4/4 9/9 

5 R T T A A A G C C A 5/5 4/4 9/9 

6 R T T A A A G C A A 5/5 3/4 8/9 

7 L A A A A A T T A C 3/5 1/4 4/9 

P4 PLL 

8 R T G A A A T A C A 4/5 3/4 7/9 

Consensus T T A A A G N C A 73/100 53/80* 126/180 

% identity 

7
0
 

5
0
 

7
5
 

9
0
 

8
5
 

4
5
 

-
 

6
5
 

5
0
 73 55 ** 70 

* Direction relative the numbering of the P2 genome. 
** not including nt 7. 
 
When estimating the size of Cox in the size exclusion chromatography, 

one Cox protomer is about 10 Å in diameter, which would fit the distance, 
10.2 Å, for three bases in B-DNA. A kink in the DNA substrate could facili-
tate the binding of the Cox oligomer to reach the next adenine triplet result-
ing in a bend in the DNA, or the bent DNA is an indirect result of Cox oli-
gomers bridging the Cox boxes. This model can explain why the direction of 
the Cox boxes is irrelevant for Cox binding and at the same time easily visu-
alize the way Cox bends the DNA substrate. It can explain how the Cox 
complex of 80 Å can cover a region spanning 218 Å to 330 Å. It is also 
striking that in the cases where the adenine triplet is absent the first two 
bases of the Cox box are either A or T, which perhaps could compensate and 
function as an alternative binding site. 
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Another interesting feature of the P2 Cox boxes is the direction of the 
Cox boxes and their phasing. A center-center spacing of 10 base pairs leads 
to that the binding sites are situated on the same side of the DNA molecule, 
while a center-center spacing of 5 would mean that they are situated on op-
posite sides. There seems to be a correlation between the direction of two 
adjacent Cox boxes and their phasing. When the directions are different (in-
verted repeat), the Cox boxes are situated on the opposite side of the DNA 
molecule (center-center spacing of 11-16 base pair), while Cox boxes with 
the same relative orientation (direct repeat) are situated on the same side 
(center-center spacing of 9-12 base pair). These findings could indicate that 
when the Cox recognition sites are separated by 11-16 basepairs, there is 
enough flexibility for the DNA to be twisted, resulting in the Adenine triplet 
being on the same side facilitating Cox-Cox interactions. 

 A hypothetical mechanism for the formation of Cox oligomers  
The results of the cross-linking studies can be used to propose a hypo-

thetical mechanism for the assembly of the Cox oligomers, where Cox 
monomers are added sequentially to each other in a stepwise manner, i.e. 
monomers are added to monomers resulting in dimers. Thereafter another 
monomer is added and trimers are formed followed by addition of a fourth 
monomer resulting in a tetrameric, DNA-binding competent protein com-
plex. 

 A speculative model for Cox-DNA interaction 
A speculative model for Cox-DNA interaction can be proposed from the 
results.  

After being synthesised Cox monomers aggregates and form DNA-
binding competent tetramers. The protein-protein interaction is mediated by 
the hydrophobic β-strand 3 and the amphipatic α-helix 3. These tetramers 
bind to DNA in a non-specific manner and diffuses on the DNA without 
inducing DNA bends. When encountering a Cox box, specific binding is 
mediated by Arg-30 in the second recognition helix, which contacts base 
pair 4 (the second adenine in the triplet) and also reaches the two other ade-
nines, i.e. base pair 3 and 5 in the Cox box. When reaching the region con-
taining the Cox boxes the tetrameric Cox-complex will encounter other 
tetramers, and octamers are formed. For these octamers to bind specifically 
at least six Cox boxes are needed, i.e. six Cox molecules have to bind to 
DNA to achieve a stable, specific protein-DNA complex. Upon the binding 
of tetramers to the DNA and the formation of the octamers a substantial bend 
is induced in the DNA. An alternative model could be that there is equilib-
rium between tetramers and octamers in solution. The tetramers can bind 
non-specifically to DNA without affecting the DNA topology, while the 
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octamers can specifically bind and bend the DNA when encountering Cox 
box containing DNA substrate. 

 

Figure 20. Possible mechanisms for Cox-DNA interaction. Filled arrows represents 
Cox boxes in the attP region, spheres represents Cox molecules. (a) Cox binds to 
non specific DNA without bending. (b) Thereafter Cox diffuses along the DNA until 
it (d) finds the Cox boxes, where Cox binds specifically and (e) bends the DNA. An 
alternative mechanism could be that there is an equilibrium between tetrameric and 
octameric Cox in solution. Tetrameric Cox binds non-specifically to DNA (a). (c) 
and (d) octameric Cox can bind specifically to the Cox boxes, and (e) bends the 
DNA. 

Summary of the Cox action at the different DNA targets  
The P2 Cox protein exhibits different functions at the different targets by 

the same basic mechanism, specific DNA-binding and bending. 
At attL, Cox induced bending is probable necessary for the right align-

ment of attL and attR which are separated by over 33 000 bp. Cox could also 
prevent Int from binding to the P´1 arm, since footprint analysis has revealed 
that Cox partly covers the site (185). Cox could interact with the other pro-
teins in the nucleo-protein complex, i.e. Int and IHF. 

At P2 Pc, Cox could sterically hinder the RNA-polymerase to bind to the 
Pc promoter of P2 and thereby repress transcription, since the Cox boxes are 
covering the promoter. The bending capability of Cox could additionally or 
exclusively cause miss oriented DNA bending in the opposite direction 

(a) 

(b) 

(c) 

(d) 

(e) 
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compared to RNA-polymerase-induced bending, which also could lead to 
repression. 

At P4 PLL on the other hand, the Cox boxes are situated upstream of the 
promoter at a distance where activators usually contact RNA-polymerase 
directly. It is also believed for this kind of activators that DNA-bending, 
apart from RNA-polymerase-activator contacts, could be a prerequisite for 
closed complex formation in general. 

Speculation about the nature of the protein-protein interaction 
between Int monomers  

The results obtained in Paper III invites to speculations about how the P2 
Int-Int interaction is mediated, the sequential order of the intasome forma-
tion, and the positioning of integrase in the Holliday junction and the nature 
of the cleavage. 

None of amino acid substitutions in the N-terminal part does affect 
dimerization. This part of the integrase could be involved in Int interaction 
with other proteins (IHF, Cox?), and Int binding to the arm sites. The C-
terminal part on the other hand is involved in dimerization, which leads to 
several speculations about the correlation between dimerization and cleav-
age. It was shown that an amino acid residue, which, in analogous HP1 inte-
grase and λ integrase, has been shown to be situated closely or in the active 
site, is involved in dimerization, since the λ analogue to E197 has been 
shown to be a part of the catalytic pocket. Further the analogous amino acid 
to E169 in λ Int, has been shown to protrude from the surface away from the 
active site (83). There are other amino acid residues that are proposed to be 
solely involved in dimerization, when comparing our results with the results 
obtained from the three-dimensional structure of HP1 Int. The analogous 
amino acid residue to G283 in HP1 Int could stabilise an interface which 
interacts with the same interface on the other Int protomer. 

The results from the dimerization experiments with the truncated P2 inte-
grases implies that the P2 integrase could have the same Yin-Yang style of 
protein-protein interaction as has been shown for the C-terminal tail of HP1 
integrase. 

The results with the truncated integrases suggest that DNA-binding does 
not require the dimerization function, i.e. P2 Int can bind to DNA as a 
monomer. Thereafter the Int-Int interaction, together with IHF mediates an 
active intasome. This has been shown for the HP1 Int, which primarily exists 
in monomeric form in solution under normal reaction conditions. Gel retar-
dation and equilibrium sedimentation experiments have shown that the HP1 
integrase is capable of forming dimers and tetramers through highly coop-
erative interactions. These results suggest that single integrase monomers 
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bind sequentially and cooperatively to an Int binding site in HP1, producing 
a complex with two protomers of integrase and one DNA dyad.  

One question is whether the protein-protein interacting surface is com-
monly situated in the N-terminal, and that integrases related to P2 Int, like 
HP1 Int, have their own way of mediating protein-protein interactions, i.e. 
by the C-terminal part. This is further implied by the structure of the N-
terminal part of the λ integrase, where it is shown that protein-protein inter-
actions may involve amino acids within a α-helix of the amino terminal do-
main. These amino acids form a solvent exposed hydrophobic surface that 
might be involved in cooperative interactions with other Int molecules (177). 

However, recently it has been shown that the C-terminal tail of λ inte-
grase stimulates the resolution of the Holliday junction by positioning the 
nucleophilic tyrosine in the adjacent integrase (65). Whether this mechanism 
is similar in P2 Int action remains to be investigated. 
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Future perspectives 

Structural determination of integrase and Cox 
In order to get a complete image of the protein, structural determinations 

should be performed. To be able to do this several key aspects has to be con-
sidered. A preparative protein purification process has to be setup, preferably 
with high yield and most importantly giving proteins with high purity. Sec-
ondly a buffer has to be tested that gives high stability, at high protein con-
centrations and storage at a convenient temperature. Due to the small size of 
the Cox protein, structural determination by NMR could be tried, while x-ray 
crystallography should be tried for integrase. 

Initially Circular dichroism could be used as well as performing a partial 
protease cleavage of the proteins to determine the secondary structures and 
domains. 

Structural determinations with DNA could additionally give insight into 
the mechanisms and the mode of action of the proteins. 

Extended structure-function studies of integrase and Cox 
A good complement to the three dimensional structure would be to per-

form extended structure-function studies based on the information obtained 
from the structures. Amino acid residues should be chosen and substituted, 
and thereafter the altered protein should be subjected to different assays, e.g. 
recombinational activity, DNA binding capacity, dimerization ability etc. It 
would also be interesting to investigate the determinants for core and arm 
recognition, since P2 Int binding shows the reverse binding affinity com-
pared to λ Int, i.e. strong binding to core and weak binding to the arm sites. 

Protein-protein interactions within the Intasome 
An interesting aspect of site-specific recombination is the formation of 

the recombinational active nucleoprotein complex, the intasome. To gain a 
deeper understanding of the intasome formation, protein-protein interactions 
within the intasome, i.e. between IHF, Cox, and integrase could be investi-
gated. This could be done by, for example, performing cross-linking assays, 
gel filtration experiments, or cloning the proteins into a two-hybrid system. 
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The importance of DNA binding for protein-protein interactions could be 
determined by adding DNA to the in vitro experiments above. 

RNA-polymerase – Cox interactions 
It would be interesting to investigate whether Cox interacts with the RNA 

polymerase, and if so, if the interaction is the same regardless if Cox func-
tions as a repressor or activator. Perhaps the Cox protein does not interact 
with the RNA-polymerase. Instead it may be the change of DNA topology 
that accommodates the different transcriptional regulatory activities. 

Integrase cleavage sites 
The exact cleavage site of the integrase is not known. Preliminary results 

from experiments using single stranded DNA substrates, give a hypothetical 
cleavage pattern. The cleavage points obtained from the experiments with 
the 5´ labelled substrates do not coincide with the results obtained with 3´ 
labelled substrates, this could be due to the approximation that 3´ labelled 
substrates migrates 2 nucleotides slower than 5´ labelled. One conclusion is 
that the Int cleaves the core region with 3´ overhang as opposed to 5´ over-
hang, which is the case for λ integrase and HP1 Int. To confirm this, cleav-
age assays with double stranded DNA substrates has to be done. One prob-
lem is that the cleavage reaction seems to be a very fast reaction since no 
intermediates can be detected, therefore suicide substrates has to be used. To 
further stimulate cleavage, DNA containing the arm sites could be added to 
the reaction, since it could be stimulatory to cleavage. 

Int auto regulation 
It is not known how the int gene is autoregulated. An int mutation (-9 int) 

were amino acids 2 and 3 are deleted does not seem to be down-regulated 
when over-expressing the gene in an expression system. 

One experiment to find out whether this effect is due to the alteration of 
the protein or the nucleotide exchange in the mRNA, could be fusing the wt 
int gene and the -9 int gene to the lacZ gene. Thereafter Int or -9 Int could be 
added in trans, and the level of expression could be detected by the β-
galactosidase assay. 

Another aspect of the auto regulation is the fact that the P2 integrase pos-
sible can cleave single stranded DNA. Therefore it would be interested to 
test if it is able to cleave RNA and to investigate whether this cleavage could 
be involved in the stability of int transcript. 
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Identify and exchange the core recognition domain of integrase 
From the structure-function studies and the structure determination ex-

periments of the integrase, the core recognition domain could be determined. 
This knowledge could be used to try to exchange this domain to other DNA-
binding domains to see if the DNA recognition specificity could be altered. 
Alternatively the core binding domain could be subjected to mutagenesis. 
This alteration could be a major advantage in developing the P2 site-specific 
recombination system to a gene-delivery system. 

IHF independent integrase 
In the P2 system it has been shown that the IHF binding site in the attP 

region could be substituted to a HMG box retaining full recombinational 
activity (C. Frumerie, personal communication). It would be convenient, if 
an IHF independent P2 integrase could be developed. In the λ system one 
integrase mutation has been isolated that leads to an IHF-independent inte-
grase. The fact that P2 attP only contains one IHF binding site compared to 
three in the λ attP, could indicate that the P2 system could be more insensi-
tive to IHF. Combined with the strong binding of P2 integrase to the core 
site perhaps a minor change in either the IHF contacting surface, alterna-
tively the arm binding part could result in an IHF independent integrase. It 
would also be interesting to analyze the effect of replacing the IHF binding 
site with a poly A-tract. 

Intasome structure 
One way of determining the ternary structure of the Intasome could be to 

make use of atomic force microscopy. This method allows the study of the 
molecular structure of macromolecules with nanometer resolution without 
crystallization. It provides three-dimensional surface images and quantitative 
information on the heights of structures can be obtained from the images.  

 

Studies of protein-DNA interactions 
A Biacore –system (Biacore, Uppsala, Sweden) can be used for real time 

kinetic analysis for different interactions. It would be interesting to investi-
gate the protein-DNA interactions of Cox and integrase. The results could 
give a deeper insight into mechanism for DNA binding, degree of coopera-
tivity etc. 

Another approach when investigating protein-DNA interactions could be 
to clone the int and cox genes into the pET33b(+) vector (Novagen) which 
carries a 15 bp sequence encoding the protein kinase A (PKA) site RRASV. 
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The expressed proteins could be labeled with 32P and used as direct probes in 
e.g. protein-DNA interaction studies. 
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