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General introduction

"Many hereditary traits of bacteria are determined by a special class of genetic
elements termed episomes. Episomes usually determine nonessential characters nol
ordinarily represented in the bacterial gene pool. Some episomic elements, e.g.,
transducing phages and the sex factor of Escherichia coli strain K12, are
instrumental in providing means for the intercellular transfer of bacterial genes. It
has been postulated that episomes may also regulate the biosynthetic activities of
bacteria at the genetic level by stimulating, inhibiting, or otherwise modifying the
phenotypic expression of specific genes. Recent discoveries indicate that episomes
can in fact stimulate the activity of bacterial genes under special conditions, but
total suppression of the normal genetic functions by an episome has not been
observed in Eubacteria.

This report describes a novel temperate bacteriophage, designated phage Mul,
that causes severe genetic modifications in its natural host E.coli KI12. The
prophage of Mu! abolishes normal phenotypic expression of many host genes
located at (or adjacent to) the chromosomal sites of phage integration. The over-all
effect of Mul on bacteria is superficially indistinguishable from that of a mutagen.
Hence, the phenomenon described here will be referred to as phage-induced
mutation.”

Taylor, 1963



General introduction

Introduction

The opening sentences from the original
article by Austin Taylor (121) describe
the discovery of the temperate phage
Mu and explain the rationalism for
giving the name to this new phage as
Mu is short for mutator. It was later
tealized that the observed mutations in
Escherichia coli were not solely due to
the insertion of the Mu prophage in a
particular gene but also to Mu induced
rearrangements of the bacterial genome
(37). In lytic development of Mu about
100 copies are formed by successive
rounds of transposition where duplicates
of Mu are integrated at random in the
host genome without the original copy
ever being excised from the chromoso-
mal site. This process can result in the
formation of deletions and inversions in
the host DNA which accounts for the
observed mutator phenetype.

The Mu life cycle starts when the
Mu phage infects a susceptible host.
The DNA is injected into the host as a
nucleo-protein  complex  (24,54,1086).
The attachment sites are protected from
nuclease degradation through the for-
mation of a DNA semi-circle mediated
by the Mu N gene product (41). The
following integration of Mu is at a non-
specific site in the host genome (21)
and is, in contrast to the later discussed
transposition mechanism, of a conserva-
tive mnature (3,21,52,53). There was
some controversy about the host DNA
replication forks being a preferred
integration site for the injected Mu
DNA., but this idea has now been aban-
doned by Mu workers (38,95).
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This thesis focuses on the trans-
position reaction of phage Mu. In this
general introduction a detailed descrip-
tion will be presented of both DNA and
protein factors that are directly invol-
ved in the transposition reaction. As the
main theme of the work in this research
is the involvement of Fis (Factor of
inversion stimulation) from E.coli in the
regulation of Mu transposition, a review
of processes which are known to be
dependent on Fis is presented.

Regulation of bacteriophage Mu
transposition

The Mu A and the B protein were iden-
tified as the principle proteins involved
in the transposition reaction through
isolation of amber mutations (am) in the
corresponding genes (36,37,100). These
Aam and Bam phages showed a reduced
burst size upon induction or were not
able to produce any new phages at all.
Early work on transposition however
was mainly concentrated on the elucida-
tion of the regulation of transposition
rather than on the molecular mechanism
of the reaction (7,42,43).

The regulatory region of Mu (Fig.1)
is located in the left attachment site
(aftL) and comprises of two converging
promoters expressing either the repres-
sor from Pc or Ner, A and B from Pe
(44). In a stable lysogen of Mu only Pc
is active and therefore only repressor is
produced. The repressor binds to three
operator sites (01, O2 and O3) in the
regulatory rtegion (85). As a
consequence of repressor binding to Q2
the overlapping early promoter Pe is

Chapter 1

900 1000

1100

Figure 1. Organization of the regulatory region of Mu. Depicted is the region around position
1000 in artL with the promoters Pe that drives the expression of the operon nerAB and Pc that
drives the expression of repressor ¢. The reading frames of these genes arc represented by the
shaded bars. The regulatory region furthermore contains binding sites for IHF (shaded circle),
repressor (filled boxes 01-03 with O1 in the reading frame of the ¢ gene) and Ner (open box).

shut off, preventing the synthesis of the
transposase A. This mantains lysogeny.
The third binding site (O3) has also a
clear role in the lysogenic state of Mu.
At high concentrations of the repressor
protein the weak binding site O3 will be
occupied which will block further
transcription from Pc. This auto-
regulation mechanism results in a
steady state level of repressor. The
binding site O1, which like O2 has a
high affinity for repressor, was thought
to overlap with a weak promoter for the
¢ gene (42). Later results showed that
this promoter was situated in the coding
region of repressor and could, as a con-
sequence, not be involved in the synthe-
sis of active repressor (cited in 93). The
role of the repressor binding site O1 in
Mu development will be discussed in a
later section.

Spontaneous induction of a Mu lyso-

gen is very low (10*) and can not be
increased by UV irmradiation or treat-
ment with other stress inducing agents.
To circumvent this problem in the study
of transposition, mutants of Mu have
been isolated which encode a thermo-
sensitive repressor protein. In these
mutants Mu transposition can be readily
induced at 42°C whereas Mu remains
quiescent at 32°C (16). At the nonper-
missive temperature repressor is imac-
tivated and the repression of Pe is
relieved. When Pe becomes active the
operon comprising of A, B and ner is
transcribed. The Ner protein acts as
anti-repressor by binding to a site that
overlaps with Pc (Fig.1) thereby pre-
venting repressor synthesis (43). In this
way a firm decision is made to enter
the lytic pathway.

A search for factors that induce lytic
development has not been successful
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although a protein that might influence
the choice between lysogeny and lytic
development has been identified. In the
operator rtegion a binding site for
Integration Host Factor (IHF) is situated
adjacent to Pe (Fig.1). In fact it was
shown that binding of THF to this site
stimulates transcription from both Pe
and Pc (127,128). This shows that IHF
is probably not a discriminating factor
but that it helps to establish either
lysogeny or lytic development. Interes-
tingly IHF is thought to stirnulate the
two promoters through different mecha-
nisms. This was deduced from the
observation that the stimulation of Pe is
dependent on the relative orientation on
the DNA helix of the iif box with
respect to Pe whereas Pc stimulation by
IHF is orientation independent (128).
The molecular mechanisms for both
modes of action however remain to be
clarified although protein-protein inter-
action in the case of Pe and bending in
the case of Pc have been proposed
(128,129).

Mechanism of transposition

Replication and transposition of Mu are
linked and are both dependent on the A
and B proteins. Analysis of the replica-
tion process revealed unidirectional
replication of Mu specific DNA sequen-
ces (131). This stong tendency for left
to right replication, which is in the
same direction as overall Mu transcrip-
tion (5), is remarkable in the light of
the latest model for Mu transposition
described 1in this section which proposes
a transposition intermediate with two
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Figure 2. Organization of the attachment
sites. Both attachment sites have three transpo-
sase A binding sites of which localization and
relative orientation are indicated.

potential replicationforks at either end
of Mu. The mechanism of unidirectio-
nality in Mu is unknown but could re-
side in differential and specific binding
of A to the attachment sites of Mu.
Identification of DNA sites involved
in the Mu transposition reaction came
from deletion and mutation studies
using a plasmid born mini-Mu system
(18,23,46,47,50) and from the develop-
ment of an ir vitro assay for transposi-
tion (20,27,91). The attachment sites of
Mu, attl and artR share three 22 base
pairs tepeats which are in footprint
experiments protected from DNasel
digestion by Mu A (Fig.2) (32,48). The
binding of A to the attachment sites is
mediated through a helix-turn-helix
motive common to other DNA binding
proteins (Fig. 3) (96). Through com-
parison of the binding sites the A
binding consensus (YGtITCAYINNAA
RYRCGAAAR) was deduced which in
fact is comprised of two different moie-
ties (47). The relative weak transposase
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Figure 3. Schematic representation of the
structure of the A protein. The Mu transpo-
sase has two protease sensitive sites dividing A
into three domains (I, IT and 1II) of which the
borders are marked with the numbers of the
aminoacids. Domain I has two distinct DNA
binding regions (borders marked by the black
triangles), IA that interacts with the enhancer
and IB that interacts with the attachment sites.
The central domain II has a general DNA
binding capacity but no defined function,
Domain III possibly contains the endonuclease
activity and the ability to interact with Mu B.

binding site L2 in atfL only contains the
3’-part of this sequence (AARYRC
GAAAR). Interestingly this sequence is
also conserved in the transposons D108,
Tn3, and IS30 (Fig.4) (17,19). These
transposons have further in common
that they produce a five base-pairs
duplication of the target DNA upon
transposition (4,107). Evidently these
transposons are evolutionary related and
the 3’-part of the A binding consensus
probably represents a rudimentar bin-
ding sequence of their common
transposase ancestor.

The transposition reaction proceeds
through the formation of successive
nucleo-protein complexes (Fig.5) which
eventually lead to the formation of a
second Mu copy by replication (Fig.5)
(22, 28, 92, 114, 117), 'Through the

Mua

D108

1530
Tn3

Figure 4. Comparison of the A binding sites.
Homology (shaded box) between L1-L3 and
R1-R3 of Mu, the related phage D108 and the
IR sequences of 1530, Tn3 and y6 of the Tn3
class 1o which also Mu belongs.

binding of A molecules to multiple sites
within the attachment sites and the
action of the E.coli protein HU the first
complex in the transposition reaction is
formed (cleaved donor complex or
CDC) in which the two nicked Mu ends
are held together. HU can be efficiently
removed from the CDC by increasing
the salt concentration. This process is
completely reversible as an immuno-
logical analysis of this complex showed
(86). The correct alignment of the A
binding sites could require an altered
helical pitch or the formation of a
nucleosome-like complex which could
explain the role of HU in the formation
of the CDC (14,110). In the CDC there
are two nicks at the 3’-boundaries of
Mu which are created by the A protein
(28,30,101). The domain responsible for
this cutting reaction has been assigned
to the C-terminal part of the protein
(8,9,34,55). Supercoiling is a pre-
requisite for the formation of the CDC
either as driving force for the cutting
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B, ATP

coo ETC

Figure 5. Model for phage Mu transposi-
tion. Indicated are Mu DNA (thick line),
plasmid DNA (shaded line), target DNA (thin
line), the CDC- (light circle) and STC- (dark
circle) nucleo-protein complexes.

reaction or as a means to facilitate the
paring of the attachment sites (29,
31,116). This dependency on a high
level of supercoiling can be alleviated
by the E.coli protein IHF (116,118).
The role of IHF in this dependency is
not yet known, but is mediated through
the THF binding site situated in the
regulatory region of Mu. The super-
coils in the Mu part of the CDC remain
trapped by protein-protein interactions
that hold the attachment sites together
whereas the flanking DNA regions are
relaxed. This complex and also the
complex depleted of HU can be isolated
through gel filtration methods and can
be chased to form the STC (strand
transfer complex) by the addition of a
target substrate and the Mu B protein
(Fig.5) (86). In this complex the 3'-ends
of Mu are connected to the 5’-ends of
the target site. Apparently the role of
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HU could be restricted to the formation
of the CDC. Since HU is required for
replication of the E.coli chromosome a
role of HU in the replication step of
transposition is not excluded (35). As
even linear DNA is also an efficient
target it seems that there are no
topological restrictions for the target
DNA this in contrast to the supercoiling
dependency of donor DNA. A gyrase
binding site situated midway the Mu
genome could be important for
increasing the supercoil density of Mu
as deleting this sequence leads to a drop
in the burst size (102).

In contrast to the specific binding of
A, the B protein (39,90) has a general
DNA binding capacity. The function of
B seems to be to present target DINA to
the CDC by interacting with the C-
terminal part of A thereby facilitating
the transposition reaction (88). An
additional role for B is the stabilization
of the interaction between A molecules
in the CDC. This stimulation only
requires binding of B to the A profein
but not to the DNA (6,119).

The bias for intermolecular transpo-
sition in the presence of B is probably
caused by transposition immunity (1,2),
where a replicon containing Mu sequen-
ces is not an efficient target for Mu
transposition. This immunity is depen-
dent on the ATPase activity of B which
can be activated by A bound to one of
the attachment sites. After ATP
hydrolysis B dissociates from the DNA
ren-dering this molecule a less efficient
target as B bound to DNA is the prin-
ciple target for the CDC. Notall A
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binding sites mediate this transposition
immunity as the sequences involved
only coincide with the region L2-L3 in
attl. and R3 in atiR (33).

The cellular localization of B in the
membrane suggests an additional role
for B in replication of Mu (11,12, 113).
By association with the membrane B
might facilitate replication as replication
of the bacterial genome itself is also
associated with the membrane. The STC
has two replicationfork-like structures.
However only the fork formed at the
left attachment site is used leading to
unidirectional replication (108,131). It is
not known why the other potential fork
is not functional. The replication step
leads to the formation of a cointegrate
between the Mu and target replicon
(51).

The regulatory region of Mu which
has a major role in the choice between
lysogeny and lytic development (see
previous section), was also shown to
have a direct function in Mu transpo-
sition. The region of the repressor bin-
ding sites O1 and O2, in the absence of
repressor, acts as an enhancer-like
sequence for transposition (87,93,118).
This internal activating sequence or 1AS
is orientation dependent and it only
stimulates transposition when located
between the Mu attachment sites. These
last restrictions are topological rather
than functional restrains as a small
oligo DNA fragment containing the IAS
can stimulate transposition in frans
(120). The action of the IAS is media-
ted through binding of A to Ol and O2.
Domain analysis of A showed that the

first 80 amino acids of the protein form
a domain that specifically interacts with
the TAS. This region of the transpesase
has a considerable similarity with the
DNA binding domain of Mu repressor
(56,94) which accounts for the affinity
of both proteins for the same sites in
the IAS. When the IAS binding domain
of the transposase protein is deleted, the
IAS can no longer stimulate the
transposition reaction. This domain is
distinct from the classical helix-turn-
helix motive of A that interacts with the
A binding sites in the attachment sites.
Noteworthy is that the A proteins from
Mu and the related phage D108 can
only mediate their own transposition
although they are able to bind each
others attachment sites. This would
suggest that the DIO8 transposase is
specific for a D108 enhancer and the
Mu transposase for the Mu IAS (124).
Although the transposases from Mu and
D108 are largely conserved the IAS
binding domains have major differen-
ces. The mechanism of action of the
IAS has not yet been tesclved but it has
indirectly been shown that only the
formation of the CDC is stimulated by
the TAS whereas the formation of the
STC is not dependent on the JIAS (95).
The involvement of three DNA sequen-
ces in the wansposition reaction, i.e.
attl, attR and IAS, suggests the forma-
tion of a three site complex (Fig.6).
Such a structure was first shown for an
invertasome where two rtecombination
sites and an enhancer form the functio-
nal complex (57,76). No such complex
has been observed between the IAS and

13
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IAS
attl

Q’) 000D
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attR

Figure 6. Proposed structure of the three-
site-complex. Supercoiled DNA molecule with
branch peoint (left panel, Mu DNA thick line)
and detail (right panel) of proposed complex
between atil., anR and TAS.

one or both ends of Mu. This means
that either such complexes are (oo
unstable to be detected in gels or by
electronmicroscopy or that it is imme-
diately converted into the CDC. The
IAS could function as a hit-and-run
enhancer only required to bring the Mu

ends in a correct conformation to form
the CDC.

Factor of inversion stimulation

In the previous paragraph we described
the involvement of the HU and IHF in
the transposition reaction. Through the
work of M.A M. Groenen (45) in our
lab and M. Bétermier (10) the possible
involvement of an other host protein,
factor of inversion stimulation (Fis) in
Mu transposition was suggested. Fis is a
small 12 kDa highly basic DNA bin-
ding protein present in E.coli and

14

related bacteria from the enterobacter
group (69,80). The structure of the Fis
dimer has now been resolved and was
shown to comprise four tightly inter-
twined o-helices (25,81). The two C-
terminal helixes form the DNA binding
domain like theoretically was predicted.
The remaining two helixes are thought
to be involved in dimerization of Fis.
Besides Mu trans-position three other
systems have been described where Fis
acts as an auxiliary protein which will
be described in the following sections.
The role of the N-terminus of Fis
whose structure could not exactly be
determined is not fully understood as
not all processes stimulated by Fis
require this part of the protein (115).

The role of Fis in G-loop inversion in
phage Mu

Fis was discovered as host factor for the
Gin-mediated inversion of the G-loop in
bacteriophage Mu region (70). This is a
genetic switch that determines the host
range of Mu (15,49,58,59,72, 125). In
this region different sets of tail fibre
genes can be expressed depending on
the orientadon of the G-loop (Fig.7)
(40,60,111,112). The region that is
inverted by the action of the invertase
Gin (77,78,89) is flanked by inverted
repeats or gix sites which are the
binding sites for this protein (105). The
inversion reaction is stimulated by a
third DNA sequence that is situated
within the coding region of Gin (61,70,
75,79). This site of inversion stimula-
tion (sis) was shown to comprise two
binding sites for Fis that binds to these
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Figure 7. Organization of the invertible regions. The direction and localization of the reading
frames of gin (phage Mu), hin (Salmonella), pin (phage e14) and cin (phage P1) are indicated by
the arrows under the shaded boxes. The black halfl-circles depict the recombination sites on which
the invertases act whereas the while one depicts a pseudo-site in the Cin system. The reading
frames that form the functional part of the particular systems are represented by the hatched boxes
with their direction of transcription indicated by arrows.

sites as a symmetrical dimer (62). This
allows stimulation of the inversion
reaction independent of the orientation
or localization of the enhancer (73). Gin
belongs to a class of invertases which
can complement each other in the
inversion reaction (66,82,104,126).
These invertases Gin, Hin, Pin and Cin
although from different organisms (65,
71,83) have a high degree of homology
at the protein level, share a similar
genomic organisation (26,63,64,84,103)
and are probably all stimulated by Fis
bound to an enhancer (68,83). It has
been shown that the enhancer together
with the gix sites forms a three site
complex at the base of a branch point
in a supercoiled DNA molecule (Fig6) (67,74,76).

The role of Fis in excision of the
lambda prophage

Excision from the host genome is the
first step in the lambda life cycle after
induction of the prophage. In vitro this
excision reaction was shown to be
dependent on Xis which acts on two
adjacent binding sites in lambda attP
(Fig.8). In vivo however there is an
additional dependency on Fis which had
been missed in previous in vitro experi-
ments, At physiological concentrations
of Xis the reaction can not proceed in
the absence of Fis, which in vitre can
be circumvented by an increased level
of the excisionase Xis. Footprint experi-
ments showed that binding of Fis o a
site that partly overlaps with the
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Figure 8. Organization of protein binding
sites in lamoda attP. The localization of the
protein binding sites for Fis (factor of inver-
sion stimulation), Xis (excisionase), IHF (inte-
gration host factor) and Int (integrase) around
the site of A recombination are indicated.

right Xis binding site strongly stimu-
lates the binding of Xis to the left site
(123). The left Xis binding site can be
considered to be the aclive sile in
excision. Fis can stimulate Xis binding
to the left site either by direct protein-
protein interaction or indirectly through
the formation of a for binding more
favourable conformation of the DNA
through the introduction of a 90°-bend
in the DNA upon binding (122).

The role of Fis in transcription of
stable RNA operons in E.coli

The promoters of several stable RNA
operons have an enhancer sequence
(Upstream activating sequence or UAS)
that stimulates transcription from the
promoter both in vive and in vitro (97,
109). The stimulatory activity of this
enhancer is mediated through binding of
FIS to this sequence (13,98). The
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promoters of three stable RNA operons
have now been shown to bind Fis and
sequence analysis predicts that nearly
all stable RNA operons will be stimu-
lated by Fis bound to the UAS (130).
Careful measurements of growth rates
under several environmental conditions
of wild type and mutant Fis strains
showed that the wild type can respond
faster to more favourable growth condi-
tions than the mutant strain (99). There
is no insight into the mechanism by
which Fis stimulates transcription but
bending of the promoter region has
been suggested. This was concluded
from the observation that in vivo in the
absence of Fis the UAS, which has an
intrinsic bend, can stimulate transcrip-
tion threefold by itself.

Outline of the thesis
The basis of the work presented in this
thesis was the discovery of a host pro-
tein that protected a specific region in
the left attachment site of Mu. As this
site is situated adjacent to the for
transposition  important  ftransposase
binding site L2 we were interested in
both the identification and possible
function of this protein. The protein was
first observed by M.AM. Groenen
during the purification of the A protein
of Mu and was later identified as Fis by
Bétermier and co-workers. This thesis
describes experiments aimed at the
determination of the role of Fis in Mu
transposition.

Chapter 2 bears on the function of
Fis binding to a#L and shows that Fis
in a concerted action with Mu repressor

Chapter 1

inhibits transposition in a manner that is
dependent on the TAS. We subsequently
studied the effect of mutations in the
Fis binding site in affL on the observed
inhibition of transposition.

In chapter 3 we address the question
of transposition stimulation by the Mu
enhancer and identify sequences within
the attachment sites that are important
for the stimulatory activity of the IAS,
We show that a potential interaction of
the IAS with the attachment sites is
mediated through L2 in a#L and R2 in
atiR. From these rtesults a model
emerges were aifl. interacts with the
IAS to form a docking-complex that
allows attR to correctly align with atfL.

The role of Fis in Mu development
was studied with an in vitro transposi-
tion assay which will allow to deter-
mine the level of mini-Mu transposition
under various conditions. In chapter 4
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Inhibition of bacteriophage Mu transposition
through the concerted action of
Mu repressor and Fis

C.M. van Drunen, C. van Zuylen, E.J. Mientjes,
N. Goosen and P. van de Putte

In this paper we show that the Escherichia coli protein Fis has a regulatory function
in Mu transposition in the presence of Mu repressor. Fis can lower the transposition
frequency of a mini-Mu 3-80 fold but only if simultaneously the Mu repressor is
expressed.

In this novel type of regulation of transposition by the concerted action of Fis
and repressor also the TAS, the internal activating sequence, is involved as deletion
of this site leads to the loss of the Fis effect. As the IAS contains strong repressor
binding sites these are probably the target for the repressor in the observed negative
regulation by Fis and repressor. However, the role of Fis and repressor is not only
to inactivate the IAS since a 4 bp insertion in the TAS, which changes the spacing
of the repressor binding site, abolishes the enhancing function of the IAS but leaves
the repressor-Fis effect intact.

A likely target for Fis in this regulation is a strong Fis binding site which is
located adjacent to the L2 transposase binding site. However when this Fis binding
sequence was substituted by a random sequence and Fis did no longer show specific
binding to this site, the Fis effect was still observed. Although it is still possible
that Fis can function by binding to this aspecific site in a particular complex, it
seems more likely that Fis is directly or indirectly involved in determining the level
of the repressor.



Inhibition of Mu transposition

INTRODUCTION

Bacteriophage Mu has shown to be a
powerful model system (22) for studies
on transposition both in bacteria and
higher organisms. For instance transpo-
sons like TnlO and retro-transposons
share with Mu several steps in the
molecular mechanism of the transposi-
tion reaction as these were first
elucidated for Mu (4). The study of
transposition in Mu was aided by the
high efficiency of the transposition
reaction. This efficiency is probably the
result of the successive formation of
several highly ordered nuclec-protein
complexes,

The right and left attachment sites
(auR and atl) share three 22 base
pairs repeats which are the binding sites
for transposase A (Fig. 1). Extensive
deletion and mutation studies have
indicated that all transposase binding
sites with the exception of the proximal
site in a#R (R3) are important for
transposition (12,13). Through binding
of A to these sites and the action of the
Escherichia coli protein HU, atfR and
atiL. are brought together. The forma-
tion of this complex initiates the
transposition reaction leading 1o the
cleaved donor complex (CDC) where A
has specifically nicked the 3’-ends of
bacteriophage Mu DNA (5,29). The
next step in transposition is the
formation of the strand transfer complex
(STC) in which Mu DNA is covalently
joined to the target DNA (29). This
reaction is stimulated by the presence of
Mu B bound to target DNA molecule
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CGTTCGGACATCACGT T TAAAATCAGCAATTAGTT

Figure 1. Structure of the left attachment
site of bacteriophage Mu, Indicated are the
three transposase binding sites L1-L3 and the
region adjacent to L2 protected by Factor of
inversion stimulation in top and bottom strand.

(1,21). The interaction between' B and
A bound at the attachment sites is
thought to stabilize the intermolecular
complex thereby facilitating the forma-
tion of the STC. The fina! step in Mu
transposition is independent of any Mu
proteins and comprises solely of
replication of the STC.

Part of the operator region of Mu has
been identified to act as an enhancer for
transposition (10,19,23,30). The Mu
repressor binding sites Ol and 02
stimulate, in an orientation dependent
manner, the transposition reaction a 100
fold. This enhancement is mediated by
transposase A which interacts with these
sites through a domain distinet from
that which specifically interacts with the
attachment sites (23). The exact
mechanism of action of this Internal
Activating Sequence (IAS) is unknown
but it has been shown that it can aid in
the active formation of the CDC
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complex possibly by interacting with
both attachment sites.

The E.coli host proteins HU and IHF
are also involved in the Mu trans-
position reaction: HU in the formation
of the type I complex (29) and IHF in
the alleviation of supercoil dependency
of the formation of this complex (28).
In our group another host factor was
discovered that binds to a specific site
adjacent to L2 in el (Fig. 1) (11).
This factor was also noticed by Béter-
mier et al. who identified the protein as
Fis (Factor of inversion stimulation) (3).
This 12 kD heat stable protein is known
to have an accessory role in several
processes. For a review see Finkel and
Johnson (8). Firstly, it is involved in the
inversion of the G-loop of Dbacte-
riophage Mu (17) where Fis, bound to
the recombinational enhancer, is thought
to interact with Gin in order to align the
recombination sites. Secondly, Fis
stimulates the excision reaction of
prophage lambda through cooperative
binding with Xis at two adjacent sites in
lambda a#tR (32). Also intrinsic
functions of Fis in E.coli have been
discovered. It stimulates transcription of
several stable RNA operons through
binding to an Upstream Activalion
Sequence or UAS (24,25,27). In addi-
tion Fis seems to play a role in
chromosomal replication since the
stability of oriC-plasmids is signifi-
cantly reduced in fis mutant cells (7,9).

In this paper we investigate the role
of Fis in the transposition reaction of
Mu using an in vivo mini-Mu transpo-
sition assay. We show that Fis can

i A CED ¢ . Gat Bla

attl 1AS attR

T ] ] T T
P E //‘\\ E P H
M H P

Figure 2, Schematic representation of the
mini-Mu plasmids. The genes A and B are
under control of the P, promoter and c is
expressed [rom Pe. Mu sequences are represen-
ted by the thick line which include the IAS.
The restriction sites indicated are E=EcoRI,
P=Psd, M=MIul and H=Hindlll. The plasmid
confers resistance to Chloramphenicol (ca) and
Ampicillin (bla).

inhibit transposition through a concerted
action with Mu repressor and in a way
that is dependent on sequences within
the Mu enhancer.

MATERIALS AND METHODS

Bacterial strains. The strains PP135
[Alac-proX111, thi209, supE, (A)] (13)
and MCI1000 fis-767 (16) have been
described before. The strain PP2542 is
M72 [lac, bio, trp (MNam7-Nam53
cI857 AH1)] (2) with pGP655. The fis-
767 mutation was introduced in PP2542
by P1 transduction resulting in PP2541.
Plasmids. The relevant characteristics
of mini-Mu plasmids (Fig. 2) used in
the transposition assays are described in
tables 1 and 2. In these plasmids Mu
repressor is expressed from Pc (34) as
was tested by Mu titration. Plasmids
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with an inactive repressor gene were
constructed by introduction of a frame
shift in the coding region in the
following way. First a Bg/ll site (C842
->T) was created with site directed
mutagenesis (18) followed by filling in
of the site using Klenow polymerase
and dNTPs. The plasmid with an inac-
tive IAS (pGP884) was constructed by
filling in of the Mlul site in between
O1 and 02 of pGP851. The TIis binding
site in pGP851 was replaced by a ran-
dom sequence in the following way.
First two restriction sites were created
at either site of the fis binding sequence
using site directed mutagenesis: a
Hindlll site (C->T91) at the left and a
Clal site (G108->A and TI112->A) at
the right. Subsequently the bases
between these newly created sites wers
replaced by a synthetic DNA fragment
of the same length. The new sequence
at arl in pGP1046 now reads from
position 91 to posidton 112
TTCATATGGCTGCGCACATCGA.
The repressor overproducer pGPE29
contains the Mu repressor on a HindIII-
Sau3 A fragment (position 1000 and 60
in arl. (11)) under control of P;. To
allow for selection of pGP829 in the in
trans complementation assay, the [-
lactamase genes of pGP852, pGP619
and pGP88B0 were inactivated
(pGP1004, pGP1005 and pGP1007
respectively) by insertion of a
kanamycin cartridge in the Scal site.
The Fis overproducer pGP842 (P, -fis)
was constructed by random cloning of a
Kpnl-HindIll chromosomal DNA digest
of E.coli and selection for complemen-
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tation of the Fis phenotype of PP2541,
All cloning procedures were according
to Maniatis (20). The construction of
plasmids pGP655 (14), pGP619 (13)
and pGP660 (15) have been described
before.

Transposition assay, The transposition
frequencies of the mini-Mu plasmids
were determined with a conjugation
assay (13,14) using the F factor pGP655
as transposition target and PP135 as
acceptor  strain. The  ftransposition
frequency is the fraction of F factors
that confer chloramphenicol resistance
1o the acceptor strain. The ratio of the
transposition frequency in the Fis™
(PP2541) and Fist (PP2542) strains (-
/+) is used as an indicator of the Fis
effect. The use of pGP653, lacking any
known insertion sequences, resulted,
under non-induced conditions, in a low
background of transpesition which
enabled us to detect transposition levels
as low as 1x10% The absolute level of
F factor transfer is the same in all
strains used.

Protein purification: Fis was purified
to homogeneity from the strain M72
containing pGP842, A crude extract was
prepared by gentle lysis of the cells in
0.8 M KCl in HED (25 mM HEPES
pH7.6, 1 mM EDTA and 2mM DTT)
followed by freeze-thawing. The
proteins from the supernatant (50 min at
39.000 rpm, Beckmann 30.2Ti 7otor)
were precipitated with 0.35 gram/ml
(NH,),SO, and after centrifugation (20
min at 20.000 rpm, Beckmann 50.2Ti
rotor) dissolved in 0.4 M KCI in HEDG
(HED containing 20% glycerol).
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This protein extract was dialysed

against 0.4 M KCl in HEDG and run on
a P11 column (0.4M - 1.0 M KCl in
HEDG). The peak fractions were
diluted to 0.3 M KCl in HEDG, heated
for 10 min at 80°C and applied to a
ssDNA agarose columm (0.3 M - 1.0 M
KCl in HEDG). Fis containing fractions
were stored at -80°C.
DNasel footprinting. The EcoRI-Sail
restriction fragment of pGP660 contai-
ning atfl. (170 base pairs) was labelled
at the Sall site using *P-dCTP and
Klenow polymerase, About 5-10 ng of
labelled fragment was incubated with O,
5, 10, 30, 50, 70 pg/ml of repressor
either with or without 2.5 pg/ml of Fis.
Footprint conditions were described
before (6). Densitometric scans of the
protection patterns were obtained with a
LKB Ultroscan XL.

RESULTS

The effect of Fis on transposition.
During an isolation procedure of the
Mu A protein a host protein, was co-
purified which specifically bound to a
site adjacent to L2 (11). This protein
was also observed by Bétermier ef al.
who identified it as Fis (3). Because of
the position of the Fis binding site
adjacent to a transposase binding site
we investigated whether Fis has a role
in Mu transposition. The transposition
frequencies of a series of mini-Mu
constructs were determined both in Fis™
(PP2542) and in Fis™ (PP2541)
background (Table 1). These experi-

ments resulted in two major conclu-
sions: Firstly, an effect of Fis on
transposition is only observed under
special conditions (as described below).
Secondly, when an effect is observed,
Fis appears not to stimulate transposi-
tion but rather to reduce it.

We found that the reducing effect of
Fis is only observed with mini-Mu’s
expressing besides the Mu genes A
and/for B also the Mu repressor. For
instance when we compare the frequen-
cy obtained with mini-Mu pGP851 with
that of pGP8B0, see Table 1 Fis has
only an effect (factor 20) with the mini-
Mu in which the repressor is expressed.
Also when the repressor is supplied in
trans from a plasmid different from the
one in which the mini-Mu is situated
(Table 1, line 5) the negative effect of
Fis on transposition in the presence of
repressor protein is still observed. This
proves that the observed reduction of
ransposition is due to the repressor
protein and not to the process of repres-
sor transcription within the mini-Mu.

The role of MuB in the Fis effect. The
inhibition of transposition by Fis in the
presence of Mu repressor is less severe
when besides MuA also MuB is
expressed (compare pGP852 with
pGP851, Table 1), Apparently B can in
some way counteract the action of Fis
and repressor, Therefore one would
expect that the balance between B and
Fis & repressor is important for the
extent of the Fis effect. In our test
system B is expressed from a much
stronger promoter (PL) than repressor
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Table 1. The effect of Fis on transposition.

Plasmid Characteristics " Transposition frequency T Ratio
Fis™ Fis™ 4+ *
pGP852 Pi:AB Poc 5.4x10% 2.0x10% 27+ 16
pGP876 P :AB Pgc™ 4.0x102 3.3x107 1.2¢ 035
pGP851  P:A  Pc 4.0x10* 2.0x10° 200+ 74
pGP880  P:A  Puc 6.0x10° 4.4x10°° 14+ 04
pGP1007 P:A  Puc 5.1x10 5.7x10° 8.9+ 3.5
pGP1004 P:AB P 2.4x107% 3.0x10* 80.0£42

* P =lambda promoter; P=Mu repressor promoter; ¢ =inactivated repressor; with pGP1007 and
pGP1004 repressor is provided in trans from an additional plasmid (pGP829).

¥ Transposition frequency is determined as the fraction of F factors that confer chloramphenicol
resistance. Experiment at least repeated 4 imes with mean error of 30%.

¥ Ratio of transposition frequencies in Fis~ over Fis*t with SD indicated.

,50 if the above assumption is correct
one would expect that the Fis effect will
increase again when besides B also
repressor is overproduced. Indeed with
pGP1004 (Table 1), where also repres-
sor is expressed from PL, Fis reduces
the trangposition frequency more
strongly (80 fold) than when the repres-
sor is expressed from its own promoter.
Evidently the amount of repressor rela-
tive to the level of B is essential for the
extent of the Fis effect.

Involvement of IAS in Fis effect. Our
next step was to try to identify the sites
on which Fis and repressor act in the
process of inhibition of Mu transposi-
tion. The IAS is a good candidate for
the action of the Mu repressor. Firstly
this site contains the two strong
repressor binding sites O1 and O2.
Moreover, it has been shown with
transposition experiments in vilro that

30

repressor can impede the function of the
enhancer in transposition as it can
compete with the A protein for the
transposase binding sites (6).

When the transposition frequencies
were measured with a mini-Mu in
which the IAS is deleted (pGP1005)
and the repressor is supplied in frans no
effect of Fis is observed any more
(Table 2). This proves that sequences in
the IAS, presumably the repressor bin-
ding sites, are essential for the transpo-
sition inhibiting effect of Fis.

We have also mutated the I[AS in
such a way that the repressor binding
sites are left intact while its enhancing
activity is lost. This was achieved by
inserting 4 bp into the Mlul site which
is in the IHF binding site which is also
part of the IAS. The 4 bp insertion not
only leads to the inactivation of the ihf
site (33) but changes the helical phasing
of the repressor binding sites O1 and

Chapter 2
Table 2. The involvement of the IAS and the Fis binding site in a#L.
Plasmid  Characteristics " Transposition frequency T
Fis™ Fist i ¥

pGP619  P:A - OIAS
pGP1005 P,:A P:c JIAS
pGP884  P:A Poc IAST
pGP1046 PUA Puc IAS  fis(Nde)

4.0x10° 6.5x10°  0.6%0.3
2.6x10° 2.0x10%  1.3+0.5
5.5x10° 3.0x10° 18.3+9.5
2.7x10* 2.7x10°  10.0£3.6

*

P,=lambda promoter; P.=Mu repressor promoter; 1AS™=4 base pairs insertion; 61AS=deleted
IAS; fis(Nde)= mutated fis site in arfl; with pGP1003 repressor in provided in trans from an

additional plasmid.

o d

02 thereby impairing the enhancing ac-
tivity (30). The transposition frequency
in the presence of Fis is indeed strongly
reduced when the mini-Mu plasmid,
carrying this [AS mutation, is used
(pGP884, Table 2). However, in
contrast with the IAS deletion the Fis
effect is not lost and remains the same
as in the presence of the IAS. Apart
from showing that a functional [Af site
is not involved in the Fis effect this
experiment tells us that the Fis-
mediated inhibition of transposition is
not merely the result of inactivating the
transpositional enhancer.

Fis site near L2 not involved in Fis
effect? For several reasons the fis site
near L2 seemed the most likely site on
which Fis acts in the process of Fis-
mediated inhibition of transposition.

Firstly, it is the only Fis binding site
which can be detected in the first 1250

Transposition frequency is delermined as the fraction of F factors that confer chloramphenicol
resistance. Experiment repeaied at least 4 times with mean error of 30%.
Ratio of transposition frequencies in Fis™ over Fis™ with SD indicated.

bp of the Mu genome. The TAS region
which is essential for the Fis effect
neither contains a sequence resembling
a Fis consensus, nor does an TAS con-
taining fragment show any specific
retardation during electrophoresis after
incubation with purified Fis (results not
shown).

Secondly the fis site is adjacent to a
transposase binding site (L2) which is
also a (weak) repressor binding site.
Since the Fis-mediated transposition
inhibition requires the repressor protein,
Fis could possibly exert its function in
this inhibiting process by facilitating the
binding of repressor to L2 making the
repressor a stronger competitor for the
A protein.

However, the experiments directed to
prove the involvement of the fis site
turned out to be negative. Firstly, in
DNasel footprint experiments no
cooperativety was found between Fis

A
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1350 130 110 ad

150 130 110 a0

Figure 3. Densitometric scans of repressor and Fis protection patterns, In all figures the left
hatched box indicates sequences known lo be protected by transposase A (13) whereas the right
hatched box is the Fis protected wrea (13,14), The two parts of the A binding consensus are
YOITTCAYL (black box) and AARYRCGAAAR (white box), here of L2 and L3 respectively,
Arrows indicate strong enpanced cleavage sies by Fis (F) or repressor (R, Sequences protected
are indicated just below the scans, (Amin=0.04, Amax=1.90)

A: thick line = no proteins udded |, thin line = +2.5 pg/ml Fis

B: thick line = 10 ug/ml Repressor, thin line = +2.5 ug/ml Fis

C: thick linc = 30 pg/ml Repressor, thin line = +2.5 pe/ml Fis
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and tepressor for binding to L2. The
only effect that can be observed is that
Fis seems to influence slightly the
conformation of the complex between
repressor and L2. The enhanced clea-
vage site caused by repressor bound at
L2 at position 101 nearly disappears in
the presence of Fis whereas the enhan-
ced cleavage site at position 123 is
reduced (Fig. 3).

Secondly and of more importance are
the results obtained with a mini-Mu in
which the fis sequence is substituted by
a 'random’ DNA sequence (Materials
and Methods). Since Fis has a rather
degenerated consensus bindingsite, care
was taken that the new sequences did
not have any homology with the few
conserved bases in the consensus. In a
bandshift assay binding of fis to this
sequence was strongly decreased (not
shown). However, when the plasmid
with the substitution was used in
transposition experiments in Fist and
Fis~ backgrounds no differences were
found in the levels of transposition
when compared with those of the
isogenic plasmid pGP851 which does
contain a functional Fis binding site
(pGP1046 in Table 2). It seems
therefore that the Fis mediated
inhibition of transposition is not exerted
through this fis site.

DISCUSSION

Under normal conditions the host pro-
tein Fis seems hardly to effect Mu

transposition (pGP852, Table 1). The
only reason for looking at a possible
effect of Fis on transposition was the
occurrence of a Fis binding site adjacent
to a transposase binding site at the left
end of the Mu genome. We have indeed
been able to detect an effect of Fis on
transposition under certain conditions
using mini-Mu’s as transposable
elements. However, the involvement of
the fis site in attL. could not be shown.
No stimulation of Mu transposition
by Fis was observed although this
might be expected but an inhibition and
only under the condition that also the
Mu repressor gene was expressed. The
involvement of Mu repressor suggested
that our observations are telated to
those of Bétermier et al. (3) who
showed that a Mucts lysogen is more
easily induced in a Fis™ background.
How can Fis facilitate the inhibition
of transposition by the repressor? The
only site which we found to be involved
is the Mu enhancer. Most likely the
repressor binding sites in the enhancer
are targets in the concerted action of Fis
and repressor although this still has to
be proven by site-directed mutagenesis
of the Ol and/for O2 sites. In the
experimental system used the repressor
has no function in regulating the
expression of the genes A and B, which
are needed for transposition, as these
are under the control of the P promo-
ter. One way the repressor can inhibit
transposition is competing with A for
the operator sites in the enhancer. It has
been shown with in vitro experiments
that repressor protein can indeed lower
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the transposition efficiency. One
explanation for the affect of Fis is
therefore that it favours the binding of
repressor to the enhancer and prevents
the binding of A to this site. However,
this could not be the only explanation.
When the enhancer i8 inactivated by a 4
bp insertion the Fis repressor effect is
still seen suggesting that an inactive
enhancer in the presence of repressor
can further inhibit transposition to a
level which is lower that in the absence
of the enhancer. It has been postulated
but not yet proven that the enhancer and
transposase can form an unstable and
temporary complex with one or both the
att sites and that this complex facilitates
the formation of the complex between
attl, and atfR. Maybe an inactive
complex is formed with the at/L sites,
enhancer and repressor protein similarly
as normally is formed with transposase,
enhancer and the afr sites. Such an
inactive complex could impede the
interaction between affL and a#iR to a
level which is even lower than without
enhancer., However, it does not seem
that Fis bound at the fis site in anl
plays a role in such a presumed
interaction of enhancer, the aft sites and
repressor as this fis site can be substitu-
ted by a random sequence without
losing the Fis effect. On the other hand
the fis consensus is strongly degenerated
and we found in bandshift experiments
that Fis can bind to random seguences
at concentrations that are only slightly
higher than necessary for binding to its
consensus sequence. It has been shown
also that for certain ihf sites (HI in

34

artL) IHF can be replaced by HU,
which in contrast to IHF does not bind
to a specific sequence. These
considerations make it difficult to
conclude with absolute certainty that Fis
in a special complex and context can
not bind even if its normal favourite
binding site has been changed.

On the other hand it seems also
possible that Fis merely influences the
level of active repressor protein. It is
unlikely, however, that Fis stimulates
the repressor synthesis at the level of
transcription. Firstly no Fis binding site
is present in the promoter region of the
muc gene. Moreover the Fis effect is
also observed when the repressor is
provided in trans from a foreign (Pp)
promoter. One possibility is therefore
that Fis either directly or indirectly
affects the stability of the repressor
messenger or the Mu repressor protein,

What could be the function of Fis in
the regulation of Mu transposition? One
possibility is that Fis is a measure for
the physiological condition of the cell.
It has been shown that Fis is under
stringent control (25,27) and nearly
absent in the stationary phase of the
growth cyele. If Fis affects the stability
of repression as we postulated above
then the absence of Fis in the stationary
phase could lead to a faster break-down
of Mu repressor and therefore to an
enhanced chance for Mu-transposition
or rearrangements, a phenomenon which
has been observed in Mu-lac fusions in
colonies on agar plates (26). When the
Fis effect we have measured in our
experimental system is due to compe-
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tition between A and repressor for the
TAS or an IAS-aft complex then the
presence of the B protein apparently
favours a productive interaction with the
transposase, because the Fis repressor
effect diminishes when also B is
expressed. More rtegently it has been
shown that the formation of a trans-
position complex between the ends of
Mu (in which the enhancer plays a role)
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Sequences in the attachment sites of bacteriophage
Mu that are essential for the stimulation of
transposition by the internal activating sequence

C.M. van Drunen, E.J. Mientjes, C. van Zuylen,
N. Goosen and P. van de Putte

In this chapter we determine which of the A binding sites within the attachment
sites (L1/L2/L3 in anL and R1/R2/R3 in auR) are required for the stimulatory
activity of the enhancer.

First a serics of enhancer containing mini-Mu’s with progressive internal
deletions of a#fl. were tested. In the absence of L3 the IAS is still able to stimulate
transposition to wildtype levels while in the absence of both L3 and L2 it is not.
Transposition level of a construct without L3 and L2 drops to the level of a
construct with full length arrL. without JAS which indicates that the binding site L2
is required for the stimulatory activity of the enhancer, Deleting the IAS in a
construct without L3 and L2 does not further reduce the efficiency of transposition
showing a restrictive role for L2 in mediating the stimulatory activity of the IAS.
Point mutations within the L2 binding sites that convert a Mu L2 site into the L2
site of the related phage D108 also complete abolishes the stimulatory activity of
the TAS. This not only shows that L2 alone mediates the stimulatory activity of the
IAS but also that in spite of the high degree of sequence homology between the
attachment sites of both phages the divergent enhancer sequences impose specific
sequences requirements for their respective attachment sites.

In attR a similar picture emerges about the role of the particular A binding
sites. Deleting R3 in the presence of the IAS has no effect of the efficiency of the
transposition reaction while deleting R3 and R2 results in a severe drop which is
not observed in the absence of the TAS. However there is one important difference
between the results of deleting L2 or R2 In contrast to L2 deleting R2 leads to a
drop in the level of transposition that extends far below the level of a construct
where only the IAS is deleted. In other words in the absence of R2 the TAS inhibits
transposition. We believe that normally in the absence of the enhancer transposition
occurs through random collision of L1 and Rl which now is hampered through
interaction of aifL with the IAS. As this phenomenon is not observed when 12 is
deleted we speculate that assemble of the IAS with attachment sites proceeds in an
ordered fashion with the primary interaction of the TAS with arL followed by the
interaction with a#R.
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INTRODUCTION

Transposition, site specific recombina-
tion and initiation of replication are
processes that require a high degree of
precision as they affect the DNA inte-
grity. The general mechanism of these
processes involves the formation of a
higher order nucleo-protein complex
with multiple interactions between DNA
and proteins. The formation of these
complexes might on one hand increase
the efficiency of the reaction but on the
other hand also allow fine-tuning and
tight regulation wvia the different
components of the complex,
Transposition of bacteriophage Mu is
both efficient and with respect to the
Mu attachment sites precise. Also in
Mu transposition such a nucleo-protein
complex is formed (19,28). The factors
involved in the formation of this
complex will be discussed below.
Transposase A binds specifically to
each end of the Mu DNA (11,14) and
through the interaction of A with these
attachment sites complex I or cleaved
donor complex (CDC) is formed in
which the nicked ends of the Mu
genome are held together (28,32). The
formation of this complex is further-
more dependent on the Escherichia coli
protein HU and on supercoiling of the
Mu substrate (8,26). The Mu B protein
is a general DNA binding protein that
stimulates transposition  (1,2,22) by
stabilizing both the interactions between
the A molecules within the CDC and
the interaction of the CDC with the
target DNA. This last interaction leads
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to the formation of complex II or strand
transfer complex (STC) where Mu
DNA is covalently joined to the target
site (5,28).

The IAS is an enhancer for transpo-
sition that is located between positions
850 and 997 at the left end of the Mu
genome (21,23,29). This site is part of
the Mu regulatory region where two
diverging promoters (Pc and Pe) are
involved in the choice between lyso-
geny and lytic development (11). Trans-
posase A interacts with sequences
within the IAS through a protein do-
main that is distinct from that which
interacts with the transposase binding
sites in the attachment sites (21,23).
Homology between the domain of the
repressor protein that mediates binding
to the operator and the domain of A
that is responsible for binding to the
TAS (15,21) suggest that the repressor
binding sites Ol and 02 are the targets
for A binding in the IAS. The relative
orientation of O1 and O2 as well as the
correct orientatien of the IAS with
respect to the attachment sites, are
essential for the function of the TAS.
The IAS does not function when it is on
the mini-Mu plasmid but outside the
Mu ends (23) and only to a limited
extent when it is inverted (29). The IAS
however is able to stimulate transposi-
tion in frans of a mini-Mu plasmid that
does not contain an IAS itself, but only
when it is provided on a small synthetic
oligo (27). The mechanism by which
the TAS stimulates transposition has not
been clarified. However as A is poten-
tially able to interact with an attachment
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Figure 1. DNA scquence of arrl. and auR of
Mu. Indicated arc the number of bases
remaining in the mini-Mu delction derivatives.

site and TAS simultaneously, the stimu-
latory activity of the TAS could well be
a consequence of the formation of a
three-site-complex between both attach-
ment sites and the TAS. Such a complex
could facilitate the proper alignment
between the attachment sites and thus
lead to an enhanced formation of the
cleaved donor complex.

Each Mu end contains three trans-
posase A binding sites, L1, L2 and L3
in attL and R1, RZ and R3 in auR
(Fig.1). Investigation of the CDC
however revealed that in this complex
only three of these sites are bound by A
protein: the cutermost sites L1 and R1
and the R2 site (25). The structural unit
of the A protein within the CDC
appears to be a tetramer (7) of which
one subunit does not seem to be bound
to the DNA.

To investigate the role of the
different A binding sites in the forma-

AACGCTTTOGCGTTTIICGTGEGCCGETTICA

tion of the CDC we measured the trans-
position frequencies of mini-Mu's that
carry  progressive deletions in the
attachment sites. The same deletions
constructs were tested with and without
the TAS. Our results indicate that for
transposition in the absence of the TAS
only the outermost L1 and R1 sites are
required, whereas in the presence of the
IAS also L2 and R2 are important. This
suggests that the stimulating activity of
the TAS is mediated through interaction
with the L2 and R2 sites. In our experi-
mental system the L3 and R3 sites do
not contribute to the efficiency of trans-
position,

MATERIALS AND METHODS

Bacterial strains. The smains PP135
(thi pro) (14) and MC1000 fis-767 (16)
have been described before. The strain
PP2542 is M72 (ANam7-NamS53 cI857
AHT1) (3) with pGP635 (13). The fis-767
mutation was introduced in PP2542 by
P1 transduction resulting in PP2541.

Plasmids. The most important mini-Mu
constructs used in this study are sche-
matically represented in Fig 2. The
mini-Mu plasmid pGP618 (Fig. 2A)
carries the car gene flanked by 850 bp
of antl. and 792 bp of a#R (14). In
addition this plasmid has the A and B
genes under control of the lambda P
promoter, The deletion derivatives (Al,
Al6, All, A26, A24, A2E, Al4, A20 and
Al2 in anl. and AS53, AB4, AG6 and A43
in auR) have been described before
(14). The end-points of the deletions
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Figure 2. Schematic representation of the mini-Mu constructs used in this study. Only relevent
restriction sites are indicated:B=BamHI, Bg=Bglll, C=Clal, E=EcoRI and S=Sall. A.pGP618
containing 850 bp of enl. and 792 bp of a#R flanking the chloramphenicol resistance gene
(CAM). B. pGP518 derivatives containing deletions in a#L. C. pGP618 derivatives containing
deletions in axR. D. pGP8GE contains 1250 bp of asl. and 792 bp of attR with IAS sequence
indicated. The BgllI site was used for the introduction of the different anl. delations depicted in B.
pGP875 is the same construct with a filled in Bglll site leading to the inactivation (indicated by

the cross of the Mu repressor gene.

points of the deletions are flanked by a
BamHI linker (Fig. 2B and C). For the
introduction of the IAS in the mini-Mu
of pGP618, the 850 bp of aifl. were
replaced by an EcoRI-Sall fragment
containing 1250 bp of affl. (including
the IAS). Next by site-directed muta-
genesis (C842->T) a Bglll site was
introduced at 840 bp from the left end
resulting in pGP866 (Fig. 2C). Finally
to inactivate the repressor gene located
on the 1250 bp fragment, the Bgill site
was filled in using Klenov DNA poly-
merase (resulting in pGP875).

For the introduction of the different
aifl. deletions in the mini-Mu contai-
ning the IAS the EcoRI-Bglll fragment
of pGP866 (containing the 840 bp of
the left end) was replaced by the
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EcoRI-BamHI fragments of the different
truncated arl.  sequences (deletion
derivatives of pGP618). This resulted in
pGP1010, pGP1008, pGPI012,
pGP1011, pGP1018, pGP1016 and
pGP1017 (Table 2). For the introduction
of the atfR deletions in the mini-Mu
containing the IAS, the Sall-Clal
fragment of pGP875 was substituted for
the Sall-Clal fragments of the deletion
derivatives of pGP618, containing trun-
cated attR sequences. This resulted in
pGP896, pGP887 and pGP888 (Table
4). pGP893 is derived from pGP866 by
deletion of the total attR region.
Substitution of the non-conserved
bases of L2 in the left part of the A
binding region of Mu (in pGP875) for
the corresponding bases of the phage
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Table 1. Transposition of mini-Mu’s with deletions in atfL. without IAS.

Plasmid Base pairs at at/L

Transposition frequency

A Fist B Fis™
pGP618011 170 bp 1.7x10? 1.8x10"
pGP6180116 164 bp 1.4x10° 2.3x10?
pGP618011 156 bp 5.8x10° 0.9x10°*
pGP618(126 147 bp 3.2x10° 1.0x10°
pGP618(124 135 bp 6.8x107 8.2x10°
pGP6180Y28 127 bp 6.4x10° 9.7x107
pGP6180Y14 33 bp 1.2x10° 1.7x10°
pGP6180Y20 20 bp 1.2x10* 6.0x10°

i Transposition frequency is determined as the fraction of F factors that confer chloramphenicol

resistance.

D108 was through site directed
mutagenesis (the bases 105-TTAGTCG
TTAATCAAT-120 where replaced by
105-TTAGCCGTTACATCTT-120 cor-
responding to the D108 sequence).

Transposition assay. The transposition
frequencies of the mini-Mu plasmids
were determined with a conjugation
assay as described by Groenen ef al
(14) using PP135 as acceptor strain.
The donor strain was grown with gentle
shaking at the permissive temperature
of 30°C until ODy,,=0.2 after which
transposition was induced at 38°C for
60 min. Conjugation was allowed to
proceed for 60min by mixing the donor
strain  (0.5ml) with exponentially
growing acceptor strain  (Sml of
OD¢g0,,=0.2) after which the cells were
plated on selective minimal medium
plates. The transfer of Fiet was
monitored by selection for tetracyclin

resistant transconjugants. The transposi-
tion frequency is determined as the
fraction of F factors that confer chlor-
amphenicol resistance to the acceptor
srain  PP135. Each experiment was
repeated at least four times.

RESULTS

Analysis of sequences in a#L. involved
in transposition. Each of the attach-
ment site of bacteriophage Mu contains
three A binding sites, L1-L3 in atL. and
RI1-R3 in atfR. Different deletion
mutants have been isolated in which
one or several of these sites have been
removed (Fig. 1). To investigate the
role of the different A binding sites in
Mu transposition we tested the effect of
the deletions on the transposition fre-
quency of a mini-Mu using the mating-
out assay as described in Materials and
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Table 2. Transposition of mini-Mu’s with deletions in atfL. with the IAS.

Plasmid Base pairs at arrl.

Chapter 3

ole
Transgo sition frequency !

A Fis B Fis™

pGP875 170 bp 2.3x10* 2.6x10?
pGP1010 164 bp 3.3x107? 4.0x10*
pGP1008 156 bp 2.7x107 2.6x107
pGP1012 147 bp 2.2x10 1.2x10°
pGP1011 135 bp 0.8x10" 2.2x10?
pGP1018 127 bp 1.4x10° 1.8x107
pGP1016 33 bp 1.3x10°* 2.7x10°
pGP1017 20 bp 1.3x10* 1.5x10"

o

resistance.

Methods. First the transposition fre-
quencies of constructs without the IAS
were measured (Table 1 column A),
Deletion of either L3 alone (147bp) or
L3 and L2 (33bp) does not result in a
reduction of transposition. Only when
part of the L1 site (20bp) is removed
transposition drops by a facter of 10
compared to that of mini-Mu’s with a
full length atfl.. So in this mini-mu
transposition assay in aul only LI
contributes to the efficiency of the
transposition reaction and neither L2
nor L3 seems to be important for trans-
position in constructs where the TAS is
not present. These results differ from
results obtained earlier by Groenen et al
(12,14) who showed that deletion of the
DNA region containing L3 and L2 in
mini-Mu's without the TAS did result in
a reduction of the (ransposition fre-
quency by about a factor of 10. This
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Transposition frequency is determined as the fraction of F [actors that confer chlpramphenicol

discrepancy is due to the difference in
transposition target used in both studies.
As will be described in chapter 4 the
Epro-lac target used in the experiments
of Groenen ef al seems to carry a DNA
sequence that stimulates Mu trans-
position towards this target in a way
that is dependent on sequences located
in the region containing L2 and L3,
From the results with the target used in
this study (pGP655) however it is now
clear that at least in the absence of the
IAS, L2 and L3 do not contribute to the
efficiency of the (ransposition reaction.
The effect of the same deletions in
atfl. were measured in similar mini-Mu
constructs but now containing the IAS
(Table 2). Transposition frequencies of
these constructs are shown in column
2A. The transposition frequency of the
construct with all three A binding sites
(170 bp) is about tenfold higher than

Table 3. Transposition of mini-Mu’s with deletions in affR without TAS.

Plasmid Base pairs at atfR

Transgosition frequency i

A Fis B Fis™
pGP618 792 bp 1.7x10° 1.8x10?
pGP618053 52 bp 2.4x10° nd.
pGP618064 32 bp 0.6x10° 0.5x10°?
pGP618066 27 bp 0.7x10° 1.2x10°?
pGP6180143 23 bp 3.9x10° 9.0x10°
pGP640 - 1.1x10° 4.5x10°

l Transposition frequency is determined as the fraction of F factors that confer chloramphenicol

resistance.

of the corresponding mini-Mu without
the IAS, showing that in our assay the
IAS stimulates transposition by a factor
of ten. Again deletion of L3 (147 bp)
does not result in reduction of the
transposition frequency. Apparently also
in the presence of the IAS this site
seems to have no important role in trans-
position. After deletion of part (leaving
127bp of arrl) or all of L2 (leaving 33
bp of atfl) however transposition drops
approximally tenfold to a level
comparable to that of mini-Mu's
without the TAS. This strongly suggests
that the L2 site is essential for the
enhancing activity of the IAS. Deletion
of part of L1 (20 bp) does finally lead
to a further decrease in transposition as
was observed in constructs without the
internal activating sequence.

Besides the three A binding sites
also a Fis binding site is present in azL
(4,31). Since this binding site is located

adjacent to L2, some of the deletions
not only remove the L2 and L3 binding
sites but also this Fis binding site. To
exclude that the reduction of transposi-
tion after deletion of L2 is due to the
absence of Fis binding rather than to the
deletion of L2, we measured the
transposition frequencies of the same
mini-Mu constructs in a Fis™ back-
ground (Tables 1B and 2B). These
results show that both in the absence
and in the presence of the [AS the
frequencies are similar to those in a
Fis* background. Therefore Fis binding
to atfL seems not important for the
level of transposition or the stimulating
activity of the IAS.

Analysis of sequences in affR involved
in transposition. In a similar way the
function of the three A binding sites at
the right end of the Mu genome was
studied by measuring transposition
levels of mini-Mu’s with successive
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Table 4. Transposition of mini-Mu’s with deletions in a#R with the IAS,

Plasmid Base pairs at auR

Transposition frequency '

A Fis B Fis~
pGP875 792 bp 1.6x107 2.6x10?
pGP&96 52 bp 4.9x10? n.d.
pGP887 27 bp 0.1x107 1.1x10°
pGP888 23 bp 0.8x10° 0.5x10°
pGP893 - 0.6x10° 0.6x10°%

¥ Transposition [requency is determined as the fraction of F factors that confer chloramphenicol

resistance.

levels of mini-Mu's with successive
deletions in auR. Table 3 lists the
transposition  frequencies  of  these
constructs lacking the TAS. Deletion of
R3 alone (leaving 52 bp of attR) or R2
and R3 (leaving 27 bp of arR) has
hardly any effect on the transposition
levels in our test system and these
results are not influenced by the
presence or absence of Fis (Table 3A
and 3B). Deletion of part of RI
however leads to a tenfold reduction of
transposition that is the same for both
fis backgrounds. Apparently R2 and R3
like L2 and L3 also are dispensable for
transposition in our test system when
transposition takes place in the absence
of the IAS,

In the presence of the [AS quite
different results were obrained (Table
4). Deletion of R3 alone (32bp) again
has no effect on the transposition
frequency, An additional deletion of
part or all of R2 however leads to a
reduction of transposition by a factor of
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1000. This reduction is much more
drastic than the reduction of transpo-
sition observed in the corresponding
attl. experiment where L3 and L2 were
deleted (Table 2, factor of 10).
Moreover the transposition level of
constructs with only R1 in the presence
of the 1AS-is hunderd times lower than
transposition  of mini-Mu  constructs
without the TAS. These results suggest
that when R3 and R2 are deleted the
IAS is inhibiting transposition. This
effect is also observed in the absence of
Fis. Summarizing it appears that R3 is
not important for transposition, neither
in the absence nor in the presence of
the IAS and further that upon deletion
of R2 the IAS seems to change from an
activator to an inhibitor.

A role of the non-conserved bases in
L2 in the activity of the TAS. The
binding sequence of L2 is markedly
different from the other A binding sites
in Mu as this site only has the right part
(AARYRCGAAAR) of the A consensus
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Figure 3. Sequence comparison between the
attl. sites of the phages Mu and D108, The
sequence of Mu is shown with bases that differ
in D108 indicated above.

(9,12). Footprint assays have shown that
L2 has relative low affinity for A,
probably as a consequence of this
deviation from the consensus sequence.
Mu and the related phage D108 have
highly homologous attachment sites and
also in D108 the L2 region contains
only the right parts of the A binding
consensus. Interestingly the sequence of
the non-conserved part of L2 is quite
different in spite of the high degree of
similarity between the attachment sites
of both phages (Fig.2). Furthermore
almost the complete ftransposase
proteins of D108 and Mu, including the
att  binding domain, are highly
homologous (24,30). Therefore D108
transposase binds as efficiently to the
Mu ends as the Mu A protein (7). Only
the N-terminal part of both transposases
which comprises the domain that
interacts with the enhancers of the
respective phages 1is different. This
suggests that the enhancers (which are
dlso non-homologous in both phages)

TGCTTTIGTITC ATACGARAAACKARRART

are phage-specific, which could explain
why the respective transposases cannot
complement each other in mini-Mu and
mini-D108 transposition (30). Since L2
appears to be important for the activity
of the TAS, we wondered whether also
the differences in the sequences of L2
could be related to the difference in IAS
of both phages.

Using site specific mutagenesis we
substituted the Mu L2 region for that of
D108 (Materials and Methods). Since it
has been shown that the Mu A protein
binds as efficiently to the L2 site of Mu
as to the comparable site in D108 (7),
A binding is expected to be unaltered in
our mutant. The transposition frequency
(0.9x107) of the mini-Mu with the
D108 L2 region in the presence of the
IAS however is 30 fold lower as com-
pared to the frequency of the same
construct with the L2 region of Mu
(1.6x10%). This level is nearly the same
as that of a mini-Mu without a functio-
nal enhancer (1.7x10%). Therefore it
seems possible that in the constuct
with the D108 L2 site the IAS is no
longer active and that the whole of L2,
including the non-conserved part, is
important for the stimulatory activity of
this enhancer.

DISCUSSION

For assembly of the Mu transposition
complex the Mu A protein is believed
to initially bind to all six binding sites
in the two attachment sites. Next the
two Mu ends are brought together in a
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complex where these ends are subse-
quently cut to form the CDC. In this
complex only three of these sites (L1,
R1 and R2) are occupied by A (20).
Formation of the CDC requires in addi-
tion to A also HU, the IAS and a super-
coiled substrate. The role of the IAS is
thought to be similar to that of the
enhancer element in the site-specific
recombination of inversion systems.
There the enhancer senses the relative
orientation of the two tecombination
sites and through the action of two
proteins (Fis and the DNA-invertase) a
synaptic complex is formed between the
two recombination sites and the enhan-
cer (17). Although such a three-site
complex has never been observed in
Mu transposition it is conceivable that
through the action of A (and HU) the
IAS interacts with both attachment sites,
thereby correctly aligning these sites.
QOur results suggest that such an
interaction of the attachment sites with
the TAS is mediated through A molecu-
les bound at L2 and R2. When these
sites are rtemoved the transposition
frequency drops, but only with mini-
Mu’s that contain an IAS. Deletion of
L2 has the same effect on the transpo-
sition frequency of a mini-Mu as
deletion of the IAS. This strongly
suggests that the only role of L2 is to
mediate an interaction of a#fl. with the
IAS and that therefore the L2 site like
the IAS only is involved in formation
of the CDC and not in subsequent steps.
Indeed in an isolated CDC complex the
L2 site is not occupied by A protein,
yet this complex is still functional in
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the strand transfer reaction (20), The L2
site was shown to be a relative weak A
binding site (7). In Dnasel footprint
experiments with the A protein the L2
site lacks a site of enhanced Dnasel
cleavage which is present in all other A
binding sites (32). This enhanced
cleavage occurs in the right part of the
A binding region that is conserved in all
six A binding sites so including L2
suggesting that A binding to L2 leads to
a somewhat different structure than A
binding to the other sites. In this
chapter we have shown that this non-
conserved part of the L2 site could be
important for in the putative interaction
of L2 with the enhancer, Substitution of
the non-conserved sequence in L2 for
the same region from the related phage
D108 seems to abolish the function of
the IAS, as the resulting mini-Mu's
show the same transposition frequency
as mini-Mu's without the IAS. Since it
has been shown that the Mu-A protein
binds equally well to the L2 site of Mu
as to the corresponding L2 site of D108
this defect is probably to be a qualita-
tive rather than a quantitative effect on
A binding to L2. The non-conserved
part of the L2 could be essential for a
correct positioning of an A molecule to
L2 so that it can interact with the IAS.
Since in D108 both the enhancer
sequence and the IAS binding domain
are different from those of Mu it is
conceivable that for D108 another type
of specific positioning is required. That
would explain why the L2 sites of Mu
and D108 are not interexchangeable in
transposition with the Mu IAS and the
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Mu A protein.

Deletion of R2 results in a reduced
transposition frequency, but again only
in mini-Mu’s that contain an IAS
suggesting an interaction between those
sequences too. In the presence of the
[AS deletion of R2 however has a more
drastic effect on transposition than
deletion of L2. Here the transposition
frequency drops to a level that even is
100 times lower than that of mini-Mu's
without the TAS. So it seems that upon
deletion of R2 the IAS is inhibiting
transposition. How can we envisage this
postulated IAS mediated inhibition? If
the role of the IAS is to bring the Mu
ends together in an ordered fashion, for
transposition without the IAS the attach-
ment sites will have to join in a non-
ordered fashion by random collision.
When the TAS is present, but can only
interact with atfL (due to the deletion of
R2 in atiR) the interaction between the
IAS and antl. might form a sterical
hindrance for such a collision process.
When a#iR is intact and interaction with
the left end is prevented by deletion of
L2 the inhibition by the IAS is not
observed suggesting that the formation
of the putative three-site complex is
ordered, i.e. first interaction of the IAS
with arfL. followed by interaction with
atiR.

The inhibitory action of the IAS that
we observe under conditions where the
putative interaction between at/R and
the [AS is prevented due to deletion of
R2 could be related to previous obser-
vation made by R. Craigie & K. Mizuu-
chi (8). These workers showed that Mu

DNA with precut ends (constructed by
means of artificially created restriction
sites) could be efficiently coupled to the
target. This reaction however did only
proceed with two right attachment sites.
When a mini-Mu with both right and
left (including the TAS) attachment sites
was used only products resulting from
the joining of two right ends between
two distinct plasmid molecules were
observed. This phenomenon could be a
consequence of a similar inhibitory
complex between the IAS and axl as
proposed above. Apparently under these
experimental conditions atrL is blocked
from participation in the transposition
reaction.

In our studies the L3 and R3 binding
sites of Mu don’t seem to have a direct
role in the transposition process. The
only function might be to prevent Mu
to insert into its own genome since
target DNA that contains L3 or R3 are
relative immune to Mu transposition
(10). Finally our results show that for
transposition of mini-Mu’s that lack the
TAS only the L1 and R1 sites are requi-
red. This may seem somewhat surpri-
sing, since isolated CDC complexes
have been shown to contain a tetramer
of A protein which is not only bound to
L1 and R1 but also to R2. These CDC
complexes however have been formed
in the presence of the IAS and since the
A protein is a monomer in solution (32)
it is expected that the tetramerization is
a consequence of interaction between
attl. and atfR and possibly also the
IAS. It has been suggested (20) that at
least one of the A molecules in the
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tetramer (the one thar does not seem to
interact with one of the attachment
sites) was originally enhancer bound
and that it was transferred to the
tetramer during formation of a three-site
complex between the IAS and the Mu
ends. It is therefore questionable
whether the structural unit of A protein
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efficiency.

(1) Adzuma, K., and Mizouchi, K. (1988) Cell 53:257-266.
(2) Adzuma, K., and Mizuuchi, K. (1989) Cel! 57:41-47.
(3) Bemard, H,, Remaut, E., Herschfield, M.V., Das, HK., Helinski, D.R., Yanofski, C., and

Franklin, N. (1979) Gene 5:568-76.

(4) Betermier, M., Lefevre, V., Koch, C,, Alazard, R. and Chandler, M. (1989) Mol. Microbiol.

3:459-463.

(5) Craigie, R., and Mizuuchi, K. (1985) Celi 41:867-876.

(6) Craigie, R., and Mizuuchi, K. (1987) Cell 51:493-501.

(7) Craigie, R., Mizuuchi, M. and Mizuuchi, K. (1984) Cell 39:387-394,

(8) Crigie, R, Amdi-Jovin, D.J.,, and Mizuuchi, K. (1985) Proc. Natl. Acad. Sci. (U/SA)

82:7570-7574.

(9) Craigie, R., Mizuuchi, M., and Mizuuchi, K. (1984) Cell 39:387-304.
(10) Darzins, A., Kent, N., Buckwalter, M. and Casadaban, M. (1988) Proc. Natl. Acad. Sci.

(USA) 85:6826-6830.

(11) Goosen, N., and van de Putte, P. (1987) Phage Mu (ed. N. Symonds et al), p41-52, Cold

Spring Harbor Laboratory, Cold Spring Harbor.

(12) Groenen, M.A.M., and van de Putle, P. (1986) J. Mol. Biol, 189:597-602.
(13) Groenen, M.A.M., Kokke, M., and van de Putte, P. (1986) EMEO J. 5:3687-3650.
(14) Groenen, M.A.M., Timmers, E., and van de Putte, P. (1985) Proc. Natl. Acad. Sci. (USA)

82:2087-2091.

(15) Harshey, RM., Getzoff, E.D., Baldwin, D.L., Miller, J.L., and Chaconas, G. (1985) Proc.

Natl. Acad, Sci. (USA) §2:159-174,

(16) Johnson, R.C., Ball, C.A., Pfeffer, D., and Simon, M.I. (1988) Proc. Natl. Acad. Sci. (USA)

45:3484-3488,

(17) Kanaar, R., Klippel, A., Shekhtman, E., Dungan, J.M., Kahmann, R, and Cozzarelli, NR.

(1990). Cell 62:353-366.

(18) Kanaar, R., van de Putte, P., and Cozzarelli, N.R. (1989) Cell 58:147-159.

(19) Lavoie, B.D., and Chaconas, G. (1990) J. Biol. Chem. 265:1623-1627.

(20) Lavoie, B.D., Chan, B.S., Allison, R.G. and Chaconas, G. (1991) EMBO J. 10:3051-3059.
(21) Leung, P.C., Teplow, D.B,, Harshey, R.M. (1989) Nature (London) 338:656-658.

(22) Maxwell, A., Craigic, R., and Mizuuchi, K. (1987) Proc. Nail. Acad. Sci. (USA) §4:699-

703,

(23)  Mizuuchi, M., and Mizuuchi, K. (1989) Cell 58:399-408.

48

Chapter 3

(24)
(25)

(26)
27
(28)
(29)
(30)
(31

(32)

Mizuuchi, M., Weisberg, R.A., and Mizuuchi, K. (1986) Nucleic Acids Res. 14:3813-3825,
Mizuuchi, M., Baker, T.A. and Mizuuchi, K. (1991) Proc. Natl. Acad. Sci. (USA) §5:9031-
9035,

Surette, M.G., and Chaconas, G. (1989) J. Biol. Chem. 264:3028-3034.

Surette, M.G., and Chaconas, G. (1992) Cell 68:1101-1108.

Surette, M.G., Buch, S.J., and Chaconas, G. (1987) Cell 49:253-262.

Surette, M.G., Lavoie, B.D., and Chaconas G. (1989) EMBO J. 8:3483-3489.

Toussaint, A., Faclen, M., Desmet, L. and Allet, B. (1983) Mol. Gen. Genet. 196:70-79.
Van Drunen, C.M., Van Zuylen, C., Mientjes, E.J., Goosen, N., and Van de Putte, P. (1993)
Mol. Microbiol. 10:293-298.

Zou, A., Leung, P.C., and Harshey, R., (1991) J. Biol. Chem. 266:20476-20482

48



Enhanced mini-Mu transposition towards Fpro-lac
depends on sequences within the attachment sites

C.M. van Drunen, N. Goosen and P. van de Putte

In this chapter we show that the efficiency of mini-Mu transposition is enhanced
when Fpro-lac is used as target as compared to Ftet. The insertion sequences (IS3
and ¥8) which are present on Fpro-lac and which are absent on Fiet might be
responsible for this enhancement. We also show that the elevated transposition is
dependent on the Mu A binding sites L2, L3 and R2 in the attachment sites of Mu.
These sequences could possibly mediate an interaction between the mini-Mu
plasmid and sequences present on Fpro-lac.



The transposition assay

INTRODUCTION

The development of an in vive transpo-
sition system with small derivatives of
bacteriophage Mu (mini-Mu’s) allows
an easy identification of Mu sequences
that are involved in transposition. The
mini-Mu's are used in a mating-out
assay that is based on conjugation of a
selectable F-factor that is the target
molecule for mini-Mu transposition
(5,8,9). The frequency of transposition
is the fraction of F-factors into which a
mini-Mu is transposed. Although the
selection of the integration site for Mu
transposition is considered to be at
random, some target DNA molecules
are less efficiently used than others (6).
On the other hand also hot-spots for
bacteriophage Mu integration have been
reported (4).

A plasmid already containing a Mu
insertion is no longer a good target for
subsequent Mu insertions. This so
called transposition immunity has two
different aspects: one at the DNA and
one at the protein level. Immunity is
conferred to the target molecule by
sequences within either of the Mu
attachment sites, These sequences are
overlapping with the innermost A bin-
ding site L3 in aifl and the R2 and R3
sites in antR (Fig.1) (6). Besides these
particular DNA sequences also the Mu
B protein is involved in transposition
immunity (1,2). MuB is a general DNA
binding protein that binds to the target
DNA. The interaction between A bound
to the attachment sites and B bound to
the target is considered to facilitate the
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Figure 1. The Mu attachment sites. Indicated
are the number of remaining basepairs of each
of the attachment sites in the mini-Mu deletion
mutants.

transposition reaction (11). However the
presence of the immunity sequences and
MuA on the target DNA triggers the
intrinsic ATPase activity of B which
results in dissociation of this protein
from the DNA (2). As a consequence
this DNA molecule is no longer an effi-
cient target for transposition. Intere-
stingly also the hot-spots of Mu trans-
position that have been found resemble
MuA binding sites (4,6). The nature of
the functional difference between a hot-
spot and an immunity sequence i8 yet
unresolved,

In the previous chapter we studied
the involvement of the Mu A binding
sites in the stimulatory activity of the
enhancer. The effect of progressive
deletions in either of the attachment
sites on the efficiency of mini-Mu
transposition towards Frer was deter-
mined in order to investigate the role of
the particular A binding sites. In the
absence of the enhancer we showed that
only L1 and R1 are essential for trans-
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position and that L2, L3, R2 and R3
can be removed without influencing the
absolute level of transposition. These
results are in disagreement with pre-
vious findings of Greenen et al who
showed that the same constructs when
using Fpro-lac as a target revealed a
10-fold drop in transposition efficiency
upon deletion of L3 and R2 (8).
Furthermore a point mutation in L2 that
prevents A binding results in a similar
drop in transposition efficiency (9)
whereas in our test system with Frer
this site can completely be deleted with-
out affecting the transposition level.

In this chapter we investigate this
discrepancy between the results of
M.AM. Groenen and our results from
chapter 3. We determine transposition
levels of several mini-Mu constructs
using these different F-factors as
targets, the larger Fpro-lac (90 kb)
containing some 1S elements and the
smaller POX38 derivative Ftet (58 kb)
lacking all known IS elements (9,10).

MATERIALS AND METHODS

Bacterial strains. The strains PP135
[Alac-proX111, thi209, supE, (A)] (8)
and M72 [lac, bio, trp (MNam7-Nam53
cI857 AH1)] (3) have been described
before. PP2542 is M72 with Fzet and
PP2747 is M72 with Fpro-lac.

Plasmids. The plasmids pGP634
(containing atfL, aiR and the Mu A and
B genes) (8), Frer (pGP655, a POX38
derivative) (9), pGP614 (like pGP634
but lacking the Mu A and B genes) (8)

and the deletion mutants of the
attachment sites (A53, A64, AGG, A26,
Al4 and pGP618A12) (Fig.1) (8) have
been described before.

Transposition assay. The transposition
frequencies of the mini-Mu plasmids
were determined with a conjugation
assay as described by M.A.M Groenen,
with PP135 as acceptor strain (8,9). The
transfer of Fpro-lac was monitored by
selection for Prot and that of Fret by
selection for tetracycline resistant
transconjugants. Since the mini-Mu is
carrying a chloramphenicol acetyl trans-
ferase gene between its ends, the trans-
position frequency is the fraction of F-
factors that confer chloramphenicol
resistance to the acceptor strain.

RESULTS AND DISCUSSION

In order to compare Fpro-lac and Ftet
as target molecules in the transposition
assay we first determined the back-
ground level of cointegrate formation
between the mini-Mu plasmids and
these F-factors. The background level
with Fpro-lac both under uninduced
conditions (pGP634) or in the absence
of the A and B genes (pGP614) is about
10* (Table 1). This level is very high
when compared to the background level
of approximately 10* obtained with Fret
as target. An important difference
between both F-factors is that Fpro-lac
contains several IS clements (IS2,
IS3a+b and y® (7) whereas Ffet com-
pletely lacks any known IS elements.
Although in this case we have not
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Table 1. Background transposition levels with Fpro-lac and Fret,

Mu genes Induction™ Fpro-lac Ftet
pGP634 A B - 1.0x10* 3.3x10°

A B + 3.6x102 1.8x107
pGP614 - + 2.0x10* ndf

+, incubation at 38°C; -,incubation at 30°C.
nd, not determined

analyzed the transposition products with
Fpro-lac we assume that they arise
from IS-mediated transposition towards
the mini-Mu plasmid which would also
result in cointegrate formation.

The ftransposition efficiencies to-
wards both F-factors strongly increase
when the A and B genes are induced
(Table 1), Also in this experiment there
is a difference in the level of transposi-
tion which is dependent whether Fpro-
lac (3.6x10%) or Frer (1.8x10%) is used
as target. However, here the difference
can not be due to IS transposition, as
one would expect only a small contribu-
tion (10*) to the total number of trans-
position events, unless also IS transposi-
tion is stimulated as a consequence of
Mu A and B expression. Two observa-
tions however argue against such A and
B stimulated IS transposition. Firstly,
when A and B are provided but Mu
transposition is prevented by deleting
one of the attachment sites the transpo-
sition level is 3.0x10™ and not 3.6x102
Secondly, restriction analysis of trans-
position products did not reveal any IS
element insertion into the mini-Mu
plasmid and showed them all to be a
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consequence of mini-Mu transposition
towards Fpro-lac (results not shown).
The difference between both F-factors
could rather point to hot-spot(s) for Mu
transposition located on Fpro-lac. Such
hot-spots could for instance be IS3 and
¥d located on Fpro-lac since the inver-
ted repeat sequences of these IS ele-
ments share a high degree of similarity
with the Mu A binding site consensus.
The less than 2-fold difference in size
between Fpro-lac (90 kb) and Fter (58
kb) or their for transposition available
silent regions is unlikely to cause the
difference in the transposition of a
factor of 20. Further experiments using
deletion mutants of the mini-Mu plas-
mid also argue against this last expla-
nation.

Table 2 shows the transposition
frequency of mini-Mu’s with progres-
sive deletions (deletion endpoints are
indicated in Fig. 1) in either of the
attachment sites using the two different
F-factors as targets. In this experiment
we observed that the difference between
the F-factors is dependent on sequences
that are present in the attachment sites
of Mu. The transposition frequency of

Chapter 4

Table 2. The difference in transposition efficiency towards Fpro-lac and
Ftet is dependent on sequences within both a#t sites.

Plasmid Deleted A binding sites™ Fpro-lac Ftet
pGP634 None 3.6x107 1.8x107
Deletions in a#iR
A53 R3 ( 52 bp) 4.1x10% 2.4x107
Ab4 R2/R3 ( 32 bp) 1.5x107 0.6x10?
AB6 R2/R3 ( 27 bp) 0.3x10° 0.7x10°
Deletions in aitl.
A26 L3 (147 bp) 5.0x107? 3.2x10°*
Ald L2/L3 ( 33 bp) 3.0x10* 1.2x10°
Al2 LI/L2/L3 ( 0bp) 3.0x10* nd’

-

nd, not determined

the mini-Mu’s with wild type attach-
ment sites or with deleted R3 is 20 fold
higher with Fpro-lac than with Fret as
target, When however L3 in attl. or R2
and R3 in a#R have been deleted the
transposition frequencies with both F-
factors are the same (Table 2). So it
seems that the Fpre-lac plasmid con-
tains one or more hot-spots for Mu
transposition and that these are depen-
dent on the L3 and R2 binding sites on
the mini-Mu.

Sequences that resemble a transpo-
sase binding site can stimulate trans-
position towards a target molecule (4).
The hot-spots on the Fpro-lac plasmid
might therefore well be the inverted
repeat sequences of IS3 or ¥& which
resemble the Mu A binding consensus.
In an attempt to identify these hot-spots

numbers between brackets indicate length of attachment site (wi: 850 bp aul. and 792 bp atiR)

we did a restriction enzyme analysis of
the mini-Mu transposition products with
the Fpro-lac target (results not shown).
This analysis however did not reveal
any site-specific integration of the mini-
Mu. In the case of the Mu related trans-
poson Tn3 similar results were obtained
(12). This transposon was shown to
insert with a higher frequency into a
target that carries sequences that
resemble a Tn3 transposase binding site.
But also in this case no insertion at a
specific site could be detected.
Apparently the presence of a hot-spot
causes the whole of the DNA molecule
to become a more efficient target.
Interestingly the hot-spot(s) on the
Fpro-lac in the case of Mu transposition
seem only effective when the R2 and
L3 binding sites are present.
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Groenen et al showed that a point-
mutation that renders L2 unable to bind
Mu A reduces transposition towards the
Fpro-lac plasmid 10-fold whereas in
our experiments deletion of L2 (and L3)
when using Fret as target does not
reveal such a reduction of the transposi-
tion efficiency. This would indicate that
in the observed discrepancy not only L3
and R2 but also L2 is involved. These
regions coincide with the regions in the
Mu attachment sites that are required
for the stimulatory activity of the
enhancer as the results in the previous
chapter have demonstrated.

The mini-Mu plasmids described in
this report do not contain the transposi-
tional enhancer, since they only have
850 bp of the left end. Still, the reduced
transposition in the absence of active
L2, L3 or R2 sites that we observe
when Fpro-lac is used as a target might
suggest that with this particular F-factor
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the mini-Mu’s behave like they contain
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Factor of Inversion Stimulation from
Escherichia coli
and related bacteria

Here we describe a rapid purification scheme for the E.coli protein Fis. This 2-step
procedure results in a protein fraction that on a silver stained SDS-PAAGE gel is
free from any contaminating proteins. Against the purified Fis fraction antibodies
where raised. The antibodies and the cloned fis gene where used to investigate the
distribution of fis-like genes and proteins in different organisms. The presence of
Fis is probably restricted to the enteric group of facultative anaerobic chemo-
heterotroph bacteria suggesting that fis is a relatively recent gene.



The distribution of Fis

INTRODUCTION

Several DNA binding proteins have
been isolated from various prokaryotic
organisms that might be considered the
equivalents of eukaryotic histone
proteins (10). The search for these
proteins was prompted because the
DNA of bacteria, like the DNA of
higher organisms, has to be contained in
the relative small volume of the cell,
This requires the bacterial DNA to be
condensed about a 1000-fold which
could be mediated by wrapping of the
DNA around “histone-like" proteins.
The general properties of histone
proteins (small, basic and abundant)
aided the search for and the purification
of these proteins.

In Escherichia coli several of these
histone-like proteins (H-NS, HU and H)
were identified and cloned. Of these
proteins HU is most similar to the his-
tone protein since it can wrap DNA and
alter the helical pitch of DNA in vitro
(4). Functionally however the action of
HU is more specific as it is involved in
a variety of processes (inversion (22),
transposition (6,37), replication (8) and
transcription (12)) where it aids in the
formation of a higher order nucleo-
protein complex by its ability to alter
the global conformation of the DNA.
Like HU also H-NS plays a role in
transcription as a negative regulator of
several different operons. For all these
operons regulatory mutants have been
isolated (drdX (13), bgIY (7,29), pilG
(22,36) and osmZ (20)) which all
mapped in the same gene, namely the
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gene encoding H-NS (13). The mecha-
nism by which H-NS influences trans-
cription is unknown but it could act like
eukaryotic  histones which through
binding to a promoter region alse can
inhibit  transcription. Unlike these
histones however H-NS does not wrap
DNA in vitro, although condensation of
DNA has been observed (35). The third
histone-like protein, H is not well
characterized. The only effect observed
with this protein is inhibition of in vitro
replication through a yet unknown
mechanism (12).

The histone-like proteins from
E.coli have homologs in bacterial
species. Genes with homology to H-NS
are observed in all gram-nmegative
bacteria as was evident from Southern
analysis. The H-NS type genes from
Proteus vulgaris (28), Serratia
marcensus (28) and Salmonella
thyphimurium (21) have been cloned
and have about an 80% homology with
the E.coli gene (28). HU like genes
have also been found in a variety of
organisms. These include Salmonella
typhimurium (HU) (19), Pseudomonas
aeruginosa (HPa) (18), Bacillus subtilus
(HBa) (38), Rhizobium meliloti (HRm)
(27), Anabena (HU) (17), Synechocystus
(HS) (1) and Thermoplasma (HTa) (34).
Although all these organisms have an
HU like gene, not all organisms have
two different HU genes like E.coli (31).
It is striking that HU is so widespread.
It has been found in close relatives of
E.coli like Saimonella (Enterobacter)
and in more distant organisms like
Anabena (Cyanobacteria) and Thermo-
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plasma (Archeabacteria), This is indic-
ative of a basic function for HU or HU
like proteins although E.coli strains that
lack HU are viable (9). The distribution
of H-like proteins is not well studied.
Of interest however is the immu-
nological crossreactivity of H with anti-
bodies directed against the eukaryotic
H2A histone (reviewed in 10).

In addition to the proteins mentioned
above, two other small and basic
proteins, THF (integration host factor)
and Fis (factor of inversion stimulation)
have been identified in E.coli. The
primary sequence of IHF, which like
HU is a heterodimer, is very similar to
HU and its protein structure is believed
to be the same (37). In contrast to HU
however both THF and Fis bind to
specific DNA sequences and are there-
fore not considered to function as
histones in E.coli. THF and Fis are
involved in a variety of different
processes (i.e. transcription (14,32) and
recombination (3,22)). The major role
of these proteins is thought to be
bending of DNA thereby bringing DNA
sequences in a more favourable
conformation for the reaction to
proceed. However, in some processes
they can probably also act through
protein-protein  interaction. Fis is a
relatively new member of this family.
Although mno primary sequence
homology with any of the here descri-
bed proteins is obvicus there clearly is
some functional homology with THF,

In this chapter we have inves-
tigated the distribution of Fis throughout
several genera of bacteria. By using

Southern and Western blot analysis we
found that Fis is restricted to the enteric
group of bacteria, the same group that
is the natural host for phage Mu
(reviewed in 26).

MATERIALS AND METHODS

Plasmids and DNA recombinant
methods. The fis gene was obtained by
random cloning of a Kpnl-Hindlll
digest of chromosomal E.coli DNA in
pUCIR8 (Fig.1, pGP841) and subsequent
selection for complementation of the
Fis™ phenotype of MC1000 fis-767. The
construction of pGP660 with the left
170 base pairs of Mu has been
described before (16). Southern blot
analysis was essentially according to
Maniatis  (30) with  hybridization
overnight in 500 mM Sodiumphesphate
pH7.6 and 7% SDS at 65°C. Chromo-
somal DNA (10 pgram) was cut with
Miul and probed with the MIul-Hindlll
fragment of pGP841.

Strains. MCI000 fis-767 (23) was
kindly provided by Johnson. The strains
KA924 (Citrobacter freundii), KA927
(Klebsiella aerogenes), KA930 (Entero-
bacter cloacae), KA931 (Shigella
sonnei), KA937 (Ecoli C), KA943
(E.coli B), KAI060 (E.coli K12},
KA1278 (Bacillus subtilis), KA1298
(Pseudomonas  aeruginosa), KA1299
(Pseudomonas putida), KA1426
(Acinetobacter calcoaceticuy), KA1515
(Acinetobacter Iwoffi), KA1523
(Pseudomonas acidovarans), KA1559
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(Gluconobacter oxidans) and KA1568
(Pseudomonas cepacia) are all from our
collection. Yeast DNA (Saccharomyces
cerevisiae) was a kind gift of C. Terleth
and Human DNA (primary fibroblast)
was kindly provided by C. Backendorf.
The strain PP2540 is M72 (ANam7-
Nam53 1857 AH1) fis-767 (9).

Protein purification. Fis was purified
to homogeneity from E.coli strain
KA1060. Cells were grown in LBroth at
37°C in a 12 litre New Brunswick
fermentor and were collected (35 grams
wet weight, ODy...=1.0) by concentra-
ting the culture over a Millipore filier
followed by low speed centrifugation. A
crude ' extract was prepared by gentle
lysis of the cells in 0.8 M HED (800
mM KCl, 25 mM HEPES pH 7.6, 1
mM EDTA and 2 mM DTT) followed
by freeze-thawing. The proteins from
the supernatant obtained after
centrifugation (50 min at 39.000 rpm,
Beckmann 50.2Ti rotor) were precipi-
tated with 0.35 gram/ml (NH,),SO, and
after a further centrifugation (20 min at
20.000 rpm, Beckmann 50.2Ti rotor)
dissolved in 0.4 M HEDG (HED
containing 20% glycerol). This protein
extract was dialysed against 04 M
HEDG and run on a P11 column (0.4
M - 1.0 M HEDG). The peak fractions
eluting at 0.6 M HEDG were diluted to
0.3 M HEDG, heated for 10 min at
80°C and applied to a ssDNA agarose
column (0.3 M - 1.0 M HEDG). Fis
containing fractions (0.45 M HEDG)
were stored at -80°C. During the
purification Fis activity was monitored
by DNasel footprinting on a 170 bp
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Figure 1. Physical map of E.coli fis region.
Indicated are the position of the relevant
restriction sites and the Fis coding sequence
(thick ling).

atfl. fragment and by an in vitro
inversion assay (33).

DNasel footprinting. The EcoRI-Sall
restriction  fragment of pGP660
containing a#L. (170 base pairs) was
labelled at the Sail site using **P-dCTP
and Klenow polymerase. About 5-10 ng
of labelled fragment was incubated (10
min at 25 °C) with 50 ng of Fis in 20 pl
of binding buffer (25 mM HEPES
pH7.6, 10 mM MgClL,, 0.1 mM CaCl,, 1
mM DTT and 150mM KCI). Subse-
quently DNasel at a final concentration
of 0.1 ng/ml was added and the mixture
was incubated for an additional 5 min.
The reactions were stopped by the
addition of 45 pl of ice cold stopmix
(600 mM sodiumacetate, 80 mM EDTA
and 50 pg/ml Calf thymus DNA). After
phenol extraction and precipitation the
samples were Tun on a 10% sequencing
gel.

Immunological methods. Against Fis
directed antibodies were raised in a
New Sealand rabbit by subcutal injec-
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tions (25 pg of Fis in 2 ml of Freund’s
adjuvant, Gibco) at two weeks intervals.
The antibodies were collected after 6
weeks and were screened in both
ELISA and Western blot assays for
specificity and titre. Western blotting
was essentially according to Maniatis
(30) with the following modifications.
Electroforesic transfer was overnight
(40 volts and 200 mA at 4°C) in 192
mM Glycine, 20 % (v/v) Methanol and
25 mM Ethanolamin (pH 9.0) to
facilitate binding of highly basic
proteins to the nitrocellulose filter.
Before screenming with the primary
antibody the filter was floated in PBS
(8 g/l NaCl, 2 g/l KCl, 14 g/l Na,HPO,
and 2 g/l KH,PO,) for 4 h to remove
the SDS.

RESULTS and DISCUSSION

Purification of Fis. During the
purification of transposase A of Mu
M.A.M. Groenen observed that a
protein copurified with the A protein
(15) which was later identified as Fis
(2). This property was used to develop
a convenient purification scheme for Fis
by the combination of the A purifi-
cation procedure (5) with specific steps
of previously published Fis purification
procedures (22,24,25). The result is a
rapid two-column-method that allows
Fis to be purified to homogeneity which
is described in the M&M section.

Raising of Fis antibodies. Antibodies
were raised against purified Fis with a
resulting titre of about 1:2000 as

determined by an ELISA. The specifici-
ty was tested in a Western blot that
allows detection of possible cross-
reactivity with other proteins. In our
procedure no  cross-reactivity =~ was
observed neither with an extract
prepared from a Fis™ strain nor with
purified ITHF and HU which due to their
properties (basic and heat stable) might
be expected to be the principle contami-
nants of the Fis preparation (Fig.2).

Figure 2. Immunological detection of Fis.
Lane 1, Fis* extract (M72); lane 2, Fis® extract
(PP2540); lane 3, extract of M72 with pGP§42
not induced; lane 4, extract of M72 with
pGP842 induced: lane 5, Fis; lane 6, THF; lane
7, HU. For extracts 15 pgram and for purified
samples 100 ngram of protein was applied to a
15% poly-acrylamide SDS-Tricine gel. The
arrow points 1o the Fis protein.

Distribution of Fis. The cloned fis gene
was used to determine whether
homology to the fis gene can be found
in other organisms which could be
indicative for the presence of a similar
gene in these organisms. Besides
screening different bacterial DNAs also
yeast and human chromosomal DNAs
were probed (Fig.3). Strong positive
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signals pointing to the presence of a fis-
like gene were only detected in the
enteric group of gram-negative bacteria.
The closest relatives of E.coli K12
namely E.coli B, E.coli C and Shigella
share a band of equal molecular size.
This shows that possibly even the
flanking sequences of fis with their
restriction sites are conserved, indicative
of their evolutionary relationship.
Positive signals, but with a different
molecular weight, were also obtained
with Saimonella, Citrobacter, Entero-
bacter and Klebsiella all belonging to
the enteric group of facultative anaerobe
gram-negative bacteria. No signal under
these stringent conditions was obtained
with the other species from more distant
genera.

The Southern blot analysis was only
aimed at the identification of genes that
share a high homelogy with the fis gene
at the DNA level. In order to detect
proteins that on an aminoacid level are
similar to Fis we also screened a
protein blot with polyclonal antibodies
directed against Fis. In this Western
blot we could detect Fis homologs of
equal molecular weight in the same
organisms that were also positive in the
Southern blot assay (Fig.4). This
confirms the presence of Fis in these
organisms. Some cross-reactivity was
observed with an unidentified protein of
about 50-60 kDa in Klebsiella, both
Acinetobacter species and all Pseudo-
monas species tested. Although we did
not attempt to identify this protein we
speculate that at least in the case of
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Figure 3. Southern blot analysis of fis in
different organisms. Lane 1, Ecoli B; lane 2,
E.coli C; lane 3, E.coli K12; lane 4, §.sonnel;
lane 5, S.typhimurium; lane 6, C freundii; lane
7, E.cloacae; lane 8, K.aerogenes; lane 9,
B.subtilis, lane 10, A.calcoaceticus; lane 11,
Adwoffi, lane 12, G.oxydans, lane 13,
P.acidovorans; lane 14, P.aeruginosa; lane 15,
P.cepacia; lane 16, P. putida; lane 17,
S.cerevisiae ; lane 18, H.sapiens. Chromosomal
DNA (10 pgram) digested with Ml and
samples were run on a 0.8% agamose gel in
Tris-borate buffer.

Klebsiella this protein could be NuC.
This protein has considerable homology
with Fis in the DNA binding domain
which could be a target for antibodies
directed against this epitope (23).
Interestingly this protein is like Fis also
involved in transcription. In several
bacterial species NtrC positively regula-
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Figure 4. Immunological detection of Fis from several bacterial species.

Lane 1, E.coli B; lane 2, E.coli C; lane 3, E.coli K12; lane 4, S.sonnei; lane 5, S.typhimuriun
lane 6, Cfreundii; lane 7. E.cloacae, lane 8, K.aerogenes; lane 9, B.subiilis; lane 10,
A.calcoaceticus; lane 11, Adwgffi; lane 12, G.oxydans, lane 13, P.acidovorans; lane 14,
P.aeruginosa; lane 15, P.cepacia; lane 16, P.purida. The lanes contain 15 pgram of crude extract
and the samples were run on a 15% polyacrylamide SDS-Tricine gel. Lower arrow points o Fis;

Upper arrow points to a 55 kDa pretein.

tes transcription of a class of operons
involved in nimogen fixation (11)
whereas Fis stimulates the expression of
the stable RNA operons (32).

In conclusion, we have found Fis or
Fis-related proteins only within the
enteric group of bacteria making it
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General overview

The results of this thesis zoom in on the
role of the Mu enhancer (IAS) in regu-
lation of transposition and it is shown
that the IAS not only mediates positive
but also negative regulation. The
stimulatory activity of the IAS seems to
reside in the ability of the IAS, via
transposase A, to interact with both
attachment sites of Mu. This presuma-
bly facilitates the correct interaction
between gl and affR and the subse-
quent formation of the cleaved donor
complex (CDC). The inhibitory activity
of the enhancer is mediated through the
Mu repressor (c) which, in concert with
the E.coli protein Fis, is able to inhibit
fransposition.

In both the Mu attachment sites there
are three A binding sites designated L1-
L3 in a#L and R1-R3 in aR. Chapter
3 identifies the sequences in both
attachment sites that are required for the
stimulatory activity of the IAS. We
suggest that the interaction of the
attachment sites with the TAS is media-
ted by transposase A through the L2/R2
binding sites in these attachment sites.
Transposase A has two distinet DNA
binding domains one of which is able to
bind to the attachment sites whereas the
other is able to bind to the IAS. The A
molecules bound at L2 and R2 are
therefore potentially also able to bind to
the IAS, thus mediating the interaction
between the attachment sites and the
IAS. The target of A in the IAS over-
laps with repressor binding sites O1 and
02, Noteworthy in this respect is the
DNA binding helix-turn-helix motive
which is conserved between repressor

66

and A, suggesting that A indeed recog-
nizes Ol and O2 within the enhancer.
The function of A bound at L1 is most
likely to interact with its opposite
partner at R1, in order to correctly align
the attachment sites for the strand
transfer reaction at the target site.

We propose a chain of events that
leads to the formation of the CDC and
the role of the enhancer in this. A
central point in this model is the
formation of a three-site-complex (or
"transition complex") between the
attachment sites and the IAS. Under
conditions where the interaction
between the IAS and a#tR is presuma-
bly disturbed (deletion of R2), the IAS
inhibits rather than stimulates transposi-
tion. This could mean that the formation
of the "transition complex" proceeds in
two steps. The first step would be the
interaction of atfl. with the IAS, which
will be facilitated due to the close
proximity of these sites. The second
step would be the interaction of atR
with this "docking complex”, followed
by the formation of the CDC afier the
IAS has left the "transition complex"”. In
the absence of the enhancer the
attachment sites will have to find each
other through random collision, rather
than in an ordered fashion. In the
presence of the IAS but when R2 is
deleted, random collision of the ends
could well be hampered when atfL, via
its interaction with the TAS, is shielded
from interacting with atR.

Also in negative regulation of
transposition the interaction between
aifLL. and the IAS could play a role. In
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chapter 2 we investigated a potential
inhibitory complex between a#l. and
the IAS, which we hypothesized to be
formed through interaction of Fis bound
to at#flL. and repressor bound to the TAS.
Such an inhibitory complex could
impede the formation of the stimulatory
complex through direct competition. We
could establish the role of the enhancer.
Further we showed that the role of the
repressor was not confined to a mere
inactivation of the IAS or to
competition for A binding at the attach-
ment sites. However, we were not able
to support the idea that the action of Fis
is mediated through the strong Fis
binding site in atfL.

The complexes we have described,
one involved in stimulation and one
involved in inhibition of transposition
seem different by nature. However, this
does not imply that these complexes are
organized in two distinct ways. There
are several arguments that the com-
plexes are in fact quite similar. The
transposase A in one complex and
repressor in the other have similar
binding characteristics (both  have
affinity for each others binding sites).
We speculate that the principle
difference between the potential
stimulating and inhibiting complex
originates from the proteins that
mediate the interaction between atfl
and the TAS (transposase A in the case
of the stimulating complex; and Fis/
repressor in the case of the inhibiting
complex). Repressor and transposase A
share a similar DNA binding domain
with which these proteins bind to the

TAS, so the target of both complexes in
the TAS is expected io be the same.
Furthermore the potential target of
interaction within a#L. is for both
processes the region of L2. Although
repressor, unlike A, does not contain a
second DNA binding domain, this func-
tion could possibly be provided by
interaction of ¢ with Fis in a yet not
clearly established way. Taking this into
account both complexes can be
considered to be more similar than the
action of these complexes would imply,
as in both processes there is a role for
the interaction of the IAS and atiL.

Is the interaction between atfL and
the IAS in both the inhibitory and
stimulatory complex merely a reflection
of the spatial arrangement of these sites
which in the Mu genome are in close
proximity? We believe that this is not
the case and would like to postulate that
this interaction has arisen from some
early phase in Mu evolution where the
present-day atfl. and IAS formed the
attachment sites of an ancestral Mu
with the present-day repressor as its
transposase. The following observations
concerning the organization of the left
1300 base pairs of Mu form the basis of
this idea: a reading frame that encodes
a protein with binding sites for this
protein at either end of the gene, the
overall size of this potential transposon
genome and the organization of the
repressor promoter within the proposed
attachment sites. An example of a
present-day transposon featuring the
same aspects as summarized above is
IS1I0R. This insertion sequence is
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Figure 1. Comparison of Mu attL. (top) with 1S10 (bottem)

both an autonome transposon and a
functional part of TnlO, a composite
transposon comprising of two IS10
sequences, In figure 1 a schematic
representation of ISIOR is provided,
which clearly illustrates the similarities
between the organization of the left
attachment site of Mu and this trans-
poson. In IS1I0R the open reading frame
of the transposase is flanked by two
inverted repeats, which contain binding
sites for the tansposase. The promoter
(P,) that transcribes the transposase is
situated within the right inverted repeat,
with tight regulation of transposition by
a binding site of the transposase that
overlaps its own promoter, An
additional level of regulation is
mediated by P, an outward directed
promoter, with a transcript that partly
overlaps with that of P,. The
configuration of these converging
promoters leads to transcription
interference and subsequent repression
of the transposase expression. These
features, as stated above, can also be
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observed within the left 1300 bases of
Mu, which could suggest that this part
of Mu, in some early stage of Mu
cvolution, was an autonome transposon.
In this ancestral Mu, the transposase
(now repressor) would be located within
the attachment sites (IR-left and IR-
right) that would each contain three
binding sites for the transposase. The
binding sites in I[R-right (now IAS)
would regulate the level of transposase
via P;, (now Pc) aided by transcription
interference by P, (now Pe). In this
ancestral transposon both aft sites would
have been brought together by its
transposase in  order to mediate
transposition. The interaction between
the IAS and a¢/L in the present-day Mu,
which seems to be important for correct
regulation of Mu transposition, could be
a reflection of the interaction these sites
once had in the ancestral Mu. So, the
differences  between positive and
negative regulation of Mu transposition,
seem to disappear against the age of
time.
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Samenvatting

Het thema van mijn proefschrift is het
transpositiemechanisme van bacteriofaag
Mu en meer in het bijzonder haar regula-
tie. Deze regulatie door bij transpositie
betrokken eiwitten kent twee aspecten.
Ten eerste op het niveau van transcriptie/
translatie van deze eiwitten en ten tweede
op het mechanistisch niveau waarbij door
interactie tussen de bij ftranspositie
betrokken eiwitten de afzonderlijke
functies van deze eiwitten beinvloed
worden. In het onderzoek op het gebied
van transpositieregulatie stond men tot nu
toe hoofdzakelijk stil bij het eerste aspect,
terwijl in dit proefschrift juist het
mechanistische aspect centraal staat.

Het vroege promotergebied van bacte-
riofaag Mu heeft twee divergente
promoters; Pe welke ner met de transpo-
sases A en B afschrijft en Pc welke de
repressor ¢ afschrijft. Binding van Ner
aan een specifieke plaats in het promoter-
gebied verlaagt de expressie van Pe,
terwijl binding van ¢ in het promoter-
gebied juist de expressie van Pe verlaagt.
De uitkomst van de competitie tussen Ner
en ¢ is dus van invloed op de
ontwikkeling van de Mu profaag. Opval-
lend genoeg heeft het vroege promoter-
gebied van Mu naast zijn rol in transcrip-
tieregulatie ook een rol in het transpo-
sitiemechanisme zelf. De repressorbin-
dingsplaatsen O1 en O2 kunnen naast c
ook het transposase binden en fungeren
dan als een transpositie enhancer. Mijn
onderzoek laat zien dat deze "Internal
Activating Sequence” (IAS) niet alleen in
staat is de efficientie van de transpositie-
reactie te verhogen, maar tevens -onder
bepaalde condities - om deze te verlagen.
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Het transpositiemechanisme is erop
gericht beide faaguiteinden (arL en atiR)
via het transposase op een geordende
wijze bij elkaar te brengen. De vorming
van dit "Cleaved Donor Complex" (CDC)
wordt geacht door de IAS gestimuleerd te
worden, In de hoofdstukken 3 en 4 wordt
de rol van de diverse transpo-
sasebindingsplaatsen in aftf. en antR
onderzocht in relatie tot de stimulerende
werking van de IAS. Hiertoe heb ik
systematisch de diverse bindingsplaatsen
uit beide faaguiteinden gedeleteerd en
gekeken of de IAS de transpositiereactie
van deze deletiemutanten nog kan stimu-
leren. Wanneer L3 of R3 ontbreken,
stimuleert de TAS de transpositiereactie
nog volledig. Deze bindingsplaatsen zijn
blijkbaar niet betrokken bij de stimu-
lerende activiteit van de [AS. Deletie van
L2 of R2 heeft echter wel een duidelijk
effect. In beide gevallen is de IAS niet
meer in staat de efficientie van de trans-
positiereactie te verhogen. In het geval
dat R2 gedeleteerd wordt, temt de IAS
zelfs de reactie. De transpositiefrequentie
komt nu zelfs onder het niveau van een
construct zonder [AS te liggen. In de
afwezigheid van de IAS hebben deze
deleties echter geen effect, zodat de
functie van L2 en R2 blijkbaar beperkt is,
in relatie tot de stimulerende werking van
de IAS. Plaatsgerichte mutagenese van
L2, waarbij deze vervangen wordt door
de overeenkomstige bindingsplaats vit de
met Mu verwante faag DIOR leidt
eveneens tot het verliezen van de enhan-
ceractiviteit van de IAS. Waarschijnlijk
hebben beide fagen enhancers welke op
een specifieke manier gekoppeld zijn met
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de bindingsplaatsen voor hun eigen
transposase in hun respectievelijke
uviteinden.

Een verdere reductie in de transposi-
tiefrequentie treedt op wanneer L1 of R1
gedeleteerd worden. Daar dit ook het
geval is in de afwezigheid van de IAS,
moet dit los gezien worden van de stimu-
lerende activiteit van de IAS en aan het
mechanisme van transpositie toe geschre-
ven worden. Ik suggereer in dit hoofdstuk
dat L2 en R2 bewokken zijn bij de
vorming van een “three-site complex”
tussen affl, atfR en de TAS. Dit complex
zou dan een intermediair zijn tijdens de
vorming van het CDC waarbij de IAS
atil. en auR op de juiste wijze bijeen
brengt. Daar bovendien deletie van R2 in
de aanwezigheid van de IAS een extreme
reductie van de transpositic tot gevolg
heeft, verloopt de vorming van dit "three-
site-complex” mogelijk geordend. In
eerste instantie vormen attlL en de IAS
een binair complex waarna vervolgens
attR de IAS uit dit binaire complex
verdringt en samen met attl. het CDC
vormt,

Hoofdstuk 4 laat zien dat de ol welke
aan de diverse transposasebindings-
plaatsen kan worden toegeschreven,
afhangt van het soort DNA molecule dat
als target voor mini-Mu transpositie
wordt gebruikt. Wanneer F'pre-lac de
target is, blijkt deletie van de transposase
bindingsplaatsen L2 en R2 in afwezigheid
van de IAS een verlaging van de transpo-
sitiefrequentie te geven, terwijl wanneer
een pOX38 afgeleide de target is, dit
alleen in aanwezigheid van de [AS het
geval is, Op grond van deze resultaten

geef ik aan dat het verschil tussen beide
targetmoleculen gezocht kan worden in
het voorkomen van Mu-gerelateerde trans-
posons op F'pro-lac. Deze kunnen
mogelijk als hotspot voor Mu integratie
of als een in trans werkende Mu transpo-
sitieénhancer werken.

Hoofdstuk 2 onderzoekt of het Esche-
richia coli eiwit Fis (Factor of inversion
stimulation), naast zijn reeds bekende rol
bij de inversie van het bacteriofaag Mu
G-gebied, betrokken zou kunnen zijn bij
de regulatie van Mu transpositie. Dit is
ingegeven door het voorkomen van een
sterke Fis bindingsplaats in het linker
uiteinde van Mu, vlak naast de voor de
werking van de IAS zo belangrijke trans-
posasebindingsplaats L2. Ik toon aan dat
Fis, samen met de Mu repressor (c), zelfs
na inductie van transpositie nog instaat is
te competeren met het transposase. Voor
deze remming moet echter wel de IAS
aanwezig zijn: zonder de IAS kunnen Fis
en ¢ de transpositie niet remmen. De
repressor bindingsplaatsen O1 en O2 in
de TAS binden naast repressor ook
transposase  A. Deze binding is
noodzakelijk voor de stimulerende
werking van de 1AS tijdens transpositie,
wat zou suggereren dat inactivatie van de
IAS, door Fis gestimuleerde binding van
repressor, een mogelijk mechanisme van
inhibitie is. Dit blijkt niet het geval. Ook
transpositie van een construct met een
voor transpositie inactieve 1AS, waarbij
01 en 02 intact blijven, wordt door Fis
en ¢ geremd. Een remmend complex
tussen de IAS en arfL, gemedieerd via de
repressorbindingsplaatsen van de IAS en
de Fis bindingsplaats in atfL, lijkt een
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interessant alternatief, maar deze rol van
de Fis bindingsplaats kon niet worden
aangetoond. Een construct waar deze
bindingsplaats gemuteerd is zodat Fis in
vitre niet meer kan binden, vertoont nog
steeds transpositie inhibitie via codperatie
tussen Fis en ¢. Daar de werking van Fis
blijkbaar onafhankelijk van zijn bindings-
plaats is, lijkt de vorming van een
remmend complex onwaarschijnlijk. Ik
kan echter niet uitsluiten dat in vivo bij
lage Fis concentraties de cooperatic nog
wel via de Fis bindingsplaats verloopt.

In hoofdstuk 5 staat het eiwit Fis zelf
centraal. In dit hoofdstuk heb ik gekeken
bij welke bacteriesoorten dit eiwit of een
homoloog van dit eiwit voorkomt. Na
analyse op zowel DNA- als eiwitniveau
kan ik alleen bij de leden van de
Enterobacter groep een Fis-achtig eiwit
aantonen. Dit voorkomen correleert
opvallend genoeg met het gastheerbereik
van bacteriofaag Mu wat de rol welke Fis
in bacteriofaag Mu ontwikkeling speelt
ondersireept.

Hoofdstuk 6 tenslotte probeert beide
hoofdthemas van mijn proefschrift, de

T2

stimulerende en remmende werking van
de TAS te verenigen. Vanuit een evolu-
tionair gezichtspunt kunnen de huidige
interacties tussen atil. en de IAS gezien
worden als een rudimentaire interactie
tussen beide sequenties toen zij mogelijk
zelf de uiteinden van een primitief
transposon vormden. Ditidee wordt mede
ingegeven door de structuur van het
linker uiteinde, dat grote overeenkomsten
heeft met heden ten dage voorkomende
IS elementen. Het ocer-transposase zou
zich tot repressor gespecialiseerd hebben,
terwijl het de oorspronkelijke interactie
plaatsen behouden heeft. Een tweede
copie van het oer-transposase is verder
ontwikkeld tor het transposase zoals we
dat nu kennen, waarbij de affiniteit van A
voor de repressorbindingsplaatsen in de
TAS mogelijk zijn afkomst verraadt.
Mocht dit idee juist zijn dan kan zowel
de stimulerende werking van de IAS via
A, als de remmende werking via c gezien
worden als exponenten van een univer-
seel mechanisme, dat zijn wortels vindtin
de vroege evolutic van faag Mu.

Abbreviations

A Adenosine

am Amber mutation

attL Left attachment site

attR Right attachment site

bio Biotin

bla B-lactamase

C Cytidine

cat Chloramphenicoltransferase
CcDC Cleaved donor complex

DTT Dithiothreitol

EDTA (Ethylene-dinitrilo)tetraacetic acid
Fis Factor of inversion stimulation
HEPES (Hydroxyethylpiperazine)ethanesulphonic acid
G Guanosine

IAS Internal activating sequence
THF Integration host factor

lac Lactose

Mu Mutator

N The bases G, A, Tor C

PBS Phosphate buffered saline

pro Proline

R The bases A or G

T Thymidine

N The bases Cor T

SDS Sodium dodecylsulphate

ST Strand transfer complex

sup Suppressor

thi Thiamin

Tris Tris(hydroxymethyl)aminomethane
trp Tryptophan
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