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Abstract

The closely related transposable elements, Tn3 and Y0 , share
significant DNA seguence homology and functional organization. These
elements have been shown to encode interchangeable resolvase proteins
to mediate resolution of obligatory transpositional cointegrates.
There is no apparent complementation between these elements for the

tnpA gene function.

To analyze the mechanism of resclvase-mediated recombination,
the Tn3-encoded trmpR gene was cloned into a high expression plasmid
vector. This allowed large amounts of resolvase to be synthesized,
thus aiding purification of the protein. The purified protein was
subsequently used for biochemical analysis of the resolution

reaction and for DNase I footprinting experiments.

A number of small plasmid substrates were constructed containing
two res sites in direct or inverted orientation. In V1tro resolution
reactions were assayed by gel electrophoresis to detect the formation
of interlocked circles (catenates) which appeared to be the major
reaction product. The resolution reaction regquires only resolvase
and a supercoiled substrate containing two directly repeated
sites, under the appropriate ionic conditions; the reaction is ind-
ependent of host factors or an external energy supply. Catenates
are always formed during resolution suggesting that this may be a

direct conseguence of the reaction mechanism.

Substrates containing varying lengths of DNA separating res
sites have differing efficiencies of resolution iZn vVitro, the reaction

proceeds with greatest efficiency when the length of DNA between



(vii)

res sites is least . This data, in conjunction with the observed
preference for two directly repeated res sites in ¢is, has led to

the proposal of a "tracking" model for resolvase-mediated recombination.

Resolvase has been shown to bind specifically and nonspecifically
to DNA. Specific binding, resulting from tight association of resolvase
with the target site, was investigated by sequence protection from
DNase I. This revealed three binding sites for resolvase within the
res region. The sequences of theAprotected sites conform to the
congensus sequence proposed for other regulatory DNA binding

proteins.
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CHAPTER 1

GENERAL INTRODUCTION



Introduction

The experiments described in this thesis were designed to

study the recombination events mediated by transposable elements.
Transposable elements are DNA sequences which integrate at many loci
in genomes ; their insertion, and other rearrangements which they
generate, has led to speculation over their possible significance

in genome evolution and development. The molecular mechanisms involved
in propagation of these elements have become one of the focal points

of study in molecular biology over recent years and form the basis

of the work reported here.

Historicalkg single base changes, which often occur as mistakes
during replication (Radman et al.,1979), were assumed to be the
major cause of mutations; the substrate for Darwinian natural

selection. However,.genetic. rearrangements such as inversion,

such rearrangements., In addition, their ability to fuse together

unrelated DNA sequences,sugdgests that they may enable the formation
of new genes from segments of pre-existing ones, Such rearrangements,

together with other mutational processes, would be instrumental in

Any mechanism which places DNA 1in new positions, thuéAéﬁéﬁfihgw

continuous movement of genetic material, lends greatly to genome
plasticity and the generation of diversity. The major force involved

in generating all rearrangements is genetic recombination. Histor-
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FIGURE 1.1 Diagram to illustrate the major recombination systems in

E.colz



ically, the processes of recombination have been divided into two

classes:

v

(a) Homologous recombination.

These events occur over extended regions of homology, at least
several hundred base pairs, and are mediated by the general genetic
recombination system; in E.coli this has been named the recAd-
dependent pathway of recombination. This results in reassortment
of genetic markers between homologous chromosomes, but does not

normally result in genetic rearrangements,
(b) Non-homologous recombination.

These events occur between sequences of little of no homology and

are usually independent of the general genetic recombination system.

The proteins which mediate these events are oftenencoded by genes adjacent
to the site at which they act. This class has been subdivided into
replicative and non-replicative events. The non-~replicative events

are typified by bacteriophage lambda integration which occurs by a
reciprocal break/join mechanism with no concomitant DNA synthesis.
Duplicative events are represented by transposition; the movement

of transposable elements to new sites results in Ao loss of the element
from it s original site, thus DNA synthesis accompanies transposition.

{see figure 1.1)

These processes of recombination have been arbitrarily divided
into classes but should not be considered as independent events.
Most genetic rearrangements are a consequence of a combination of
these processes, eg. transposition results in duplication of the
element, thus providing portable regions of homology on which the
general genetic recombination system can act to generate deletions,

inversions and duplications of DNA (figure 1.2). ’
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FIGURE 1.2 Homologous recombination between duplicated sequences

A. If homologous chromosomes contain repeated sequences separating
genes, or parts of genes, then misalignment of the DNA helices

may result in duplication or deletion of genes, or parts of genes,

B. Intramclecular homologous recombination can also occur when
a chromosome contains repeated seguences. If the sequences are
directly repeated then a deletion will result. If the deleted
sequence has no vegetative origin of replication it will be lost
unless it integrates back into the chromosome by a second recom-
bination event. This could be at the original position or at an-

other site where there is a copy of the element.

C. If the repeated sequences are present in inverted orientation
within the chromosome, homologous recombination between the

sequences will generate an inversion of the intervening DNA.



Classical genetic crosses in which markers reassort in
Mendelian fashion exemplify homologous recombination; much of this
data hés been cbtained from simple crosses in fungi or E.colZ.

In fungl all products of meiosis are recovéredin.tetrads, analysis
of which shows which homologous chromosomes paired in the zygote
and exchanged genetic material. These studies have implicated form-
ation of heteroduplex regions as intermediates in recombination
(Radding,1978) . This led Holliday (1964} to propose a model

for symmetrical genetic recombination which involves breakage and
reunion of strands to form a heteroduplex joint (figure 1.3).
However, this model does not explain the observed nonreciprocality
of many recombination events, To overcome this problem Meselson
and Radding (1975) proposed a modification of the initial model
so that nonreciprocal progeny would result (figure 1.4). All the
models proposed for the mechanism of recombination demand a number
of proteins which can nick and/or ligate DNA molecules to initiate

the recombination event and resolve intermediates.

The ergymology of recombination has been mainly confined to
E.coli. Clark has isolated a number of mutants with varying degrees
of reéombinational proficiency; of these the recd mutation has the
most severe effects (Clark,1973;1974). The recd mutation confers
extreme UV sensitivity on the host, reduces cell viability, and shows
deficiency in recombination of incoming linear DNA by conjugation
or transduction. The recd gene product has been directly implicated
in heteroduplex formation Zm vivo (Holloman and Radding,1976) and
also has a specific protease activity intimately involved in the
S0S pathway of inducible repair (see Little and Mount, 1982 for a

review) ,






FIGURE 1.3 Holliday recombination model

1. Homologous DNA helices are aligned.

2. In each, a single-stranded nick is made in both positive

(or negative)strands.

3. The free endsg created dissociate from their complementary
strands and instead associate with the complementary strands in
the homologous double helices. The reciprocal strand invasion

may be stabilized by ligation of ends.

4, The crossover point is not static and may move in either
direction by rotary diffusion of the double helices, this results

in heteroduplex formation.

5,6. Isomerization of the "Holliday intermediate" into another
planar form makes visualization of the outcome easier (Sigal and

Alberts,1972).

7. Cutting on different axes releases recombinant molecules in
which, on either side of the potentially heterozygous region,
the parental alleles are either conserved in their original

linkage or are reciprocally exchanged.
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FIGURE 1.4 Meselson—Radding recombination model

a. Homologous DNA helices are aligned.

b. A single~stranded break in one molecule becomes the site of strand

displacement by DNA polymerase.

c. The displaced strand invades the homologous double helix, form-

ing a D-loop.
d.The unpaired DNA in the D-loop is removed by nucleases.

e. Branch migration is achieved by the action of DNA polymerase
displacing the strand thereby forming a long heteroduplex tract in

only one of the participating duplexes.

£. The strand displaced by the invading strand may itself base pair
onto the complementary strand of the homologous helix thus forming

a symmetrical heteroduplex joint.

g. Ends of strands are ligated to form a stable Holliday inter-
mediate which may then be subject to the same processes of branch

migration and isomerization as previously described.



The fundamental role of the recd gene product in many cell-
ular processes has prompted several independent groups to clone the
recd gene and purify it s product with the intent of studying it s
action i¢m vitro (Weinstock et al.,1979; Shibata et al.,1979b). The
protein has a molecular weight of 37,800:'dal, cleaves the lambda
cI and lexA repressor proteins in vitro (Roberts et al.,1979; Little
et al.,1980), has ATPase activity and also, more importantly, part-

icipates in a number of events associated with recombination.

Key features of recombination models are recognition and
alignment of homologous DNA molecules followed by heteroduplex
formation. There is substantial evidence that purified RecA protein promotes
homologous pairing and heteroduplex formation in Vitro., The
protein binds most avidly to single-stranded DNA, in the presence
of ATP, to form stable complexes. In the presence of double~stranded
DNA unwinding of the duplexX occurs whether the bound single strand is
heterologous or homologous (Shibata et aZ.,197%a;b). It has been
proposed that the initial unwinding promoted by the single-stranded
DNA/RecA protein complex may be in search of homology (Shibata et al.,
1979%a). When a region of the unwound duplex homologous to the single
strand is found then pairing takes place to form a heteroduplex
joint containing the new strand rather than rewinding of the original
helix. The displaced strand from the duplex can be visualized as
a D-loop by electron microscopy or assayed by retention on a nitro-
cellulose filter (McEntee et al.,1979; Shibata et al.,1979a;b;Das-
Gupta et al.,1980). The single-stranded DNA molecule which stimulates
homologous pairing may be circular or linear, suggesting that a free
end is not always required, but a free end is required for stable

heteroduplex formation. Stable heteroduplexes can be formed from
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intact duplex molecules and single-stranded circular molecules in
the presence of RecA protein and topoisomerase I (Cunningham et al.,
1981) . The heteroduplex joint formation promoted by RecA protein
can extend for several thousand base pairs due to branch migration

of the crossover point; this reaction appears to be driven by ATP
and is polar (Cox and Lehman,1981; Kahn et al.,1981; West et al.,
1981b) . The heteroduplex always extends from 3' ﬁ-S"direction,
displacing a strand from the duplex with a 5' terminus. Branch
migration is halted by extensive mismatching of base pairs (more
than 25%), but may pass through some mismatches; this observation
may be important when considering gene conversion (DasGupta and
Radding,1982). The heteroduplex can also pass through regions
containing pyrimidine dimers, though this reaction proceeds at
l/SOth the normal speed (Livneh and Lehman,1982). Insertion of short
DNA sequences {about 700bp) alsohalts branch migration (DasGupta and
Radding, 1982) . These experiments highlight the importance of the
RecA protein in the initial events of homologous pairing and heter-

oduplex formation leading to genetic recombination.

The major recombination pathway in F.colZ involves the products
of both the Rech gene and the RecBC gene (Clark,1974). The protein
encoded by the RecBC gene has been purified; it is an ATP-dependent
exonuclease, named exoV. In vitro,exoV binds to single-stranded DNA,
can unwind and rewind duplex DNA, has endonuclease activity and de-
grades free ends to oligonucleotides (Telander-Muskavitch and Linn,
1980) ., One of the more interesting observations made with exoV is
it s ability, under certain conditions, to bind at the ends of a
linear duplex, track along the DNA in the presence of ATP, unwinding
and rewinding the helix. As the rate of unwinding exceeds that of

rewinding, movement of exoV along the duplex results in the formation



of single-stranded loops; these are visualized as double loops or
loops and tails in the electron microscope (Taylor and Smith,1980a;
b; Telénder—MuskaVitch and Linn,1980). The single-stranded loops thus
formed could be instrumental in the initial synapsis event. This

data does, however, conflict with genetic evidence of a rolg for

exoV late in recombination (Birge and Low,1974). One cannot preclude
the possibility that exoV may have roles both late and early in

recombination depending on the substrate.

Another protein which has been directly implicated during
recombination is the T/ gene 49-encoded endonuclease , endoVII
This has been shown to symmetrically cleave artificially constructed
Holliday intermediates Zm vitro in a manner which would resolve
recombinational intermediates into progeny molecules (Mizuuchi etacl.,
1982) . The iy vitro data confirms genetic evidence for a xole for

this gene product late in recombination (Kemper and Janz,1976).

In contrast to general genetic recombination, site-specific
recombination is independent of recd function. The proteins which
mediate these events are often encoded by genes adjaéent to one
of the recombination sites. The reaction is usually by a reciprocal
mechanism of breakage and reunion of strands without concomitant
DNAisynthesis,or extensive heteroduplex joint formation. The proto-
type model for site-specific recombination is integration/excision
of bacteriocphage lambda with the E.col? chromosome (see figure 1.1;
Campbell,1962). Extensive studies 7m vivo and im vitro have ident-
ified a 240bp phage attachment site, qt#P and a 25bp host site,
attB (Landy and Ross,1977; Hsu et al., 1980; Mizuuchi et al.,1981).

These sites contain a common core seguence of 15bp within which the

crossover occurs; the crossover point is unique to each strand and

i




is staggered by 7bp (Nash,pers.comm,)

Nash has developed an in Qitro system to study the molecular
mechanism of this recombination event and as a'means of identifying
and purifying the proteins required (Nash,1975). The integration
reaction requires the presence of the phage-encoded Int protein, plus
the products of the #imd and hip host genes which together form the
integration host factor,IHF (Nash and Robertson,1981) ., These proteins
have been purified to near homogeneity and shown to bind specifically
to att sites (Kikuchi and Nash,1978; Ross et gl., 1979; Hsu et al.,
1980; Mizuuchi et ql.,1981l; Nash and Robertson,1981l; Craig and Nash,
pers.comm.) The Int protein has also been shown to have the property
of breaking and resealing DNA under certain conditions, which has
led to it s classification as a type I topoisomerase (Kikuchi and

Nash,1979b; Wang et al., 1980).

Enzymes which catalyze the conversion of a particular DNA topo-
isomer into another,by removal or addition of superhelical turns:
have been named topoisomerases. The number of supertwists in a
covalently closed circular DNA molecule is always an integer, this
value has been called the linking number. Topoisomerases change the
linking number by cutting and rejoining DNA strands in a concerted
manner. Type II topoisomerases, such as DNA gyrase, change the linking
number in steps of two by mediating a double-stranded cleavage in the
helix, passing an intact segment of DNA through the cleaved strands,
follawed by ligation of the strands., Type I enzymes have a similar
reaction mechanism, but induce single-stranded cleavage thus chan-

ging the linking number in steps of one (see Cozzarelli, 1980 and

Gellert,1981 for reviews).



The apparent lack of specificity for att sites shown by Int
topoisomerase is difficult to reconcile with results from DNA bind-
ing exéeriments. This may be attributable to the high Int concen-
trations required for topoisomerase activity, which may result in
nonspecific binding, or could be due to recognition of a short

sequence which could conceivably be widely distributed.

The preferred substrate for im vitro recombination is s/c DNA,
though under appropriate ionic conditions o/c substrates are converted
to products; this reaction is very inefficient (Pollock and Abremski,
1979; Pollock and Nash,1980). For the intermolecular reaction only
attP is required within a s/c molecule, qttB can be located within
a relaxed circula¥ molecule or linear DNA molecule (Mizuuchi and
Mizuuchi ,1979) ., The superhelicity of participating DNA molecules

appears to be highly conserved during the reaction, suggesting that

)
att sites are paired and held in place by recombination proteins
during strand exchange. Nash has proposed a four-stranded inter-
mediate structure for recombination, similar to the model proposed

by McGavin (1971), in which one strand from each parent is simul-
taneously cléaved, followed by limited rotation around uncut strands
which brings cleaved strands adjacent to new partners for the ligation
step. This process would have to be repeated on the remaining two
parental strands for full recombination; as yet no intermediate
structure has been detected in which the reaction has only occurred

on two strands. As Int exhibits type I topoiscmerase activity this
protein is proposed to mediate the cleavage/ligation reactions

during recombination, whereas IHF may play an important role in

alignment of strands prior to recombination.

In addition to Int and IHF the excision reaction .reguires the
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presence of the Xis protein, the product of the phage—encoded xis
gene. The substrates for this reaction are the hybrid sites, atiR
and atél; formed by recombination between attP and attB. The differ-
ing requirements for the integration and excision reactions ensures
that after infection the phage is either stably integrated, until

induced, or enters the lytic cycle.

Lambda integrative recombination represents the best characterized
model for site-specific recombination, due laxgely to the use of
an in vitro system. Although many of the other site-specific recom-
bination systems recognized in prokaryotes and eukaryotes have yet
to be subjected to extensive biochemical analysis, the limited genetic
data suggests differences in substrate preference, efficiency of
recombination and dependence on host-encoded proteins. These diff-
erences may be significant when thinking in terms of the biologlcal

roles of the systems and the reaction mechanisms involved.

The two closely related systems, Salmonella phase variation
and G-loop flipping in the bacteriophages Mu and Pl, involve site-
specific inversion of a DNA segment which regulétes expression of ad-
jacent genes. In Salmonella two genes, Hl and H2, encode the major
flagellar structural proteins. These two genes map apart on the Sal-
monella genome; cells express either one of these two genes depending
on the orientation of a segment of DNA adjacent to the H2 structural
gene. In one orientation the H2 gene is expressed as well as a repr-
essor protein which prevents transcription of the Hl structural gene
(simon et al.,1980). A trgns—acting function, #in, maps within the
invertible region; this acts on 14bp inverted repeat sequences
bounding the 970bp inversion segment to mediate recombinational gene

switching. The AZn protein has no apparent activity on, directly
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repeated sites. An analagous system is encoded by bacteriophage Mu;
in this case the expression of cell surface proteins, which determine
the hoét range of the phage, are controllied by inversion of a DNA
segment, designated the G loop (Bukhari and Ambrosio,1978; Kamp et
al.,1978), Inversion of this DNA sequence is dependent on the gin
gene product, which acts at 14bp inverted repeats flanking the G
loop (Kamp et al.,1979). The Hin and Gin proteins have been shown

to have interchangeable functions (Kamp and Kahmann,198l). These

two systems are active only on inverted repeats, recombine at low

frequency, and appear to require only the hin or gin gene products.

Site-specific recombination has only recently been recognized
in eukaryotes; limited analysis has shown the presence of both
inversion and deletion systems dependent on short seguence homo-
logies. The 2H circle plasmid in Saccharomyces cerevisiae encodes
a site-specific recombination system; the protein which mediates
this event, FLP, and the sites of inversion, are both located on the
plasmid. Host-encoded factors may also be involved. The function
of DNA sequence flipping in this case is unknown (Broach et al.,
1982) . The produétion of antibody genes is known to occur through
several recombination steps from germline to somatic cells. These
events involve short sequence homologies as substrates for as yet
unidentified proteins leading to maturation of antibody genes

(Tonegawa et .al., 1981; Leder,1982).

The systems described in this section involve recombination
between short, specific,homologous DNA sequences. A number of other
recombination events involving short DNA sequences are recognized
in E.coli ; an example of this is in the Zael structural gene where

several mutation hotspots have been identified. The formation of

i



spontaneous mutations in the Zael gene is mainly attributable to

short deletions. These occur at short DNA sequence homologies (5-

15bp lsng) in reeA+ or recA cells (Farabaugh et al.,1978; Albertini

et al.,1982) ., Also included in this category is precise excision

of transposable elements which occurs at low frequency by recombination
between short sequence duplications (3-12bp long) flanking the
integrated element (Foster gt al.,1981; Kleckner,1981). This process

is independent of the recd gene and may require the presence of

the host-encoded 4im4A gene. These events involve short séquence

duplications, but do not require specific DNA sequences.

Movement of genetic elements represents another kind of recombination
event; they insert at new loci with no apparent homology to fhe
element. Such events have gross phenotypic consequences leading to
inserticnal mutations, deletions, inversions and duplications. If
these elements contain regulatory signals then the possibility exists
for switching on or off the expression of adjacent genes. It was
precisely this observation which identified "controlling elements"
in maize (McClintock,1952;1957). McClintock's results suggested
that "controlling elements" could move fr;m loci to loci affecting
the expression of many diferent genes, thus exerting clear pheno-

typic effects,

It was not until the late 1960's that many polar mutations in
the gal and lac operons in E.coli were realized to be due to insertions
of DNA (Malamy,1966; Adhya and Shapiro,1969)., On further analysis, |
by physical means, it was realized that many of these insertions
were of distinct size classes, ranging from 700 to 1500 bp (Star-
linger and Saedler,1972). It became apparent that "insertion sequences"

(Is elements) were of non-permuted length and moved as discrete
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units into many sites. In the early 1970's many of the antibiotic
resistance genes, known to be spread at high frequency, were identified
as tragsposable elements (Hedges and Jacob,1974). This led the way

to studying these elements in more detail as thelr easily selected
phenotypic markers were more readily followed through populations

than the simple insertion elements.

All transposon mediated rearrangements occur in the -absence
of recA function,suggesting that the elements themselves encode
determinants for their own transposition. Deletion analysis has
indicated the presence of at least one element—-encoded protein
required for transposition. Host functions are almost certainly
required also, The advent of rapid DNA sequencing technigues has
revealed the complete nucleotide sequence of many of the small
elements and their integration sites. The most striking feature
revealed by sequence data is the ubiguity of inverted repeat sequences
at the ends of elements. The ends of elements are essential for
transposition. All transposable elements mediate a small duplication
of the target sequence during integration; these small direct
repeats flank the integrated element. The repeated sequence ranges
from 3-12bp and is characteristic for each element; S5bp and Sbp
duplications are the most common (Grindley,1978; Johnsrud et al.,
1978; Kleckner,1979; Ohtsubo et al.,1979). The duplication of
target site DNA is not reguired for subsequenttransposition

(Kleckner ,1979).

There is strfong evidence that when a transposable element
inserts at a new site, an intact copy of the element remains in the
original position., However, this observation cannot be used as

conclusive evidence for replication during transposition as there
!
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is always more than one chromosome present during the cell cycle,
therefore one cannot rule out simple excision/reintegration. All
elemenés appear to mediate replicon fusion, or cointegration. The
donor replicon interacts with a second genome, lacking the element,
to generate a structure containing both replicons joined by directly
repeated copies of the element (Toussaint and Faelen,1973; Gill et
al.,1978; Arthur and Sherratt,1979). This observation directly
implicates repliéation in the transposition process, Replication

is specific to the element and the small target seguence which is

presumably duplicated as part of the transposition event.

Comparison of sequence homologies, structural and functional
organization, and proposed mechanisms has divided the prokaryotic
transposable elements into three distinct groups (table 1.1; see

Kleckner,1981 for further details).

The class I elements consist of the simple insertion sequences,
which code for only one or two structural genes involved in their
transposition and regulation, and composite elements which consist
of accessory determinants flanked by IS elements. ISI-5 and IS102
are independent elements, but IS10, I5850, and IS303 are found only
in composite elements, where they flank antibiotic resistance genes.
The IS modules of composite elements mediate the transposition events
and subsequent rearrangements caused by these elements. Mutations
within IS elements lead to a transposition deficient phenotype, the
mutant element can be complemented to transpose, but the fregquency
with which this occurs is greatly reduced. This is thought to be due
to a high preference for ¢is action by the transposase proteins
(Joyce and Grindley,1981; Kleckner,1982), which have often been

compared, mechanistically, to the ¢$X174 ¢isd protein (Arthur and



CLASS 1A,

IS-like elements:

individual modules

Element llength|Target |Terminal IR|Possible coding region— Source

(bp} | repeat no. amino acids
151 768 9 18/23 70,90 F,R100 *
152 1327 5 32/41 315 E.coli x12
153 1300 |3 or 4 32/38 n.t. E.coli x12,F
1s4 1426 | 11 or 12| 16/18 422,131 E.coli K12
186 1195 4 15/16 338,326, E.coll k12

118,108

IsI0-R {1329 9 17/22 402,62,54 Tnl0 in R100
IS60-R [1531 9 8/9 480, 476 Tnd in JRG7
15903R, 1.| 1050 9 18/18 370,114 Tn903 in R6
18102 |=1000| 9 18/18 n.t. pscilo1t®

* present on the chromosome of E.col? K12 and many other entercbacteria

CLASS 1B, IS-like elements: composite elements
Element| Length [Module at ends}Orientation of Associated det.

(bp) flanking module
Tné81 2,1 181 inverted heat-stable toxin
Tn2571 23 187 direct Cmr,fusr,Smr,Sur,ng
Tng 2.5 151 direct cm”
Tn2350 | 10.5 151 direct Km™
Tnl0 9.3 1810 inverted Tt
Tns 5.7 1850 inverted Km®

r
T™ng03 3.1 IS903 inverted Km
TABLE 1,1 Classification of transposable elements (from Kleckner,

1981)

'
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Sherratt,1979; Kleckner,198l). The transposition frequencies of
camnposite elements are generally low and show length dependence
(Chandler et al.,1982; Kleckner,1982). This may be due to the length
of DNA which has to be replicated, thus increasing the chances of
nucleése attack on exposed single-stranded regions, or due to in-
stability of the transposase complex, Class I elements may dgenerate
cointegrates or proceed directly to transposition end-products
obviating the replicon fusion step; the frequency for each type of
event is characteristic for each element., Cointegrates, when formed,
are stable in Rec hosts, suggesting that these elements do not
encode a system to reduce cointegrates to the normal transposition
end-products, The host-encoded homologous recombination system can
resolve transpositional cointegrates, albeit inefficiently, thus
causing deletions between directly repeated elements. The deléted
region carries a single copy of the element and may integrate by
recombination into a region of the genome containing a homologous
copy of the element, Intramclecular transposition results in deletion
or inversion of intervening DNA (see figures 1.6 and 1.7 later).
Inverted repeated copies of an IS element surrounding a unique
sequence allow the entire region to transpose, thus forming a com-
posite element. Homologous recombination across the inverted repeated
modules of composite elements merely results in inversion of the
accessory determinant in relation to outside markers. Composite
elements flanked by directly repeated modules are always in danger

of excision by recombination across the IS elements, though of course

these elements also have the potential to amplify accessory det-

erminants by unequal exchange (see figure 1.2).

Analysis of integration sites indicates some insertion specificity,
/
particularly for the Tnl0 element. TnI0 has "hot sites" for insertion,



a concensus sequence, GTCNAGC, has been identified by analysis of
preferred integration sites (Halling and Kleckner,1982). Precise
excision is rare and presumably occurs by recombination across short
direct duplications of target site DNA flanking the integrated
element (Foster et al., 1981). Precise excision may be affected by
some host mutations, eg. himA, which has already been identifed as
one of the components of IHF-required for lambda integrative recom-
bination. The AZmA gene has also been shown to regulate the expression
of several lambda genes involved in establishment of lysogeny
(Miller, 1981). The HimA protein could play a direct role in precise
excision, or indirectly by affecting the expression of other genes
G<leckﬁer,1982). The ferd gene, present on the F facfor, appears to
elevate the frequency of precise excision and also increases the
rate of general genetic recombination between plasmids (Doherty

et al.,1982) . This may be due to a stimulation of recombination
proteins when single-stranded DNA is present in cells, ie. during

transfer (Hopkins, unpubl. results).

There are no apparent sequence homologies between class I
elements, or interaction‘between transposition determinants. ~: Several
duplicate 9bp on insertion, but there are many variations. There
are no strong homologies between inverted repeat seguences of

elements within this group. These elements may have evolved inde-

pendently or have diverged considerably from a common ancester.

The class II elements have been classified according to their
strong similarities in mechanistic and functional properties, as
well as sequence homologies, which together suggest a common evol=-
utionary origin. All elements generate 5bp duplications at the target

site on integration, have 35-40bp inverted repeats, wﬁich share some



homology between elements, encode transposition functions and,
usually, accessory determinants (see table 1.l). Of these the amp-
icilliﬁ resistant element,Tnd, is the best characterized. The str-
ucture and functions of this element have been revealed by DNA
sequencing and analysis of a series of deletion and insertion
mutants (Heffron et al.,1977;1978;1979; Arthur and Sherratt,l979;
Sherratt et al.,198la). As for class I elements,both ends of the
element are required in @78 for transposition as well as the product
of the tnpA gene, transposase, which is thought to act specifically
at the ends of the element. Cointegrates appear to be obligatory
during the transposition process, but, unlike class I elements,
these are unstable in recd hosts (Arthur and Sherratt,1979; Kitts
et al.,1982a;b). Resolution of cointegrates is dependent on the
product of the ZmpR gene, resolvase, and occurs by recombination

at a specific site, res, located within the element. These elements
appear to have evolved a site-specific recombination system to

efficiently resolve transpositional cointegrates,

The precise excision of these elements has not been extensively
studied, though it appears to occur very infreguently. There is no
apparent specificity for insertion sites; integration generally occurs

into AT-rich regions (Tu and Cohen,1980).

Of the class III elements, bacteriophage Mu has been studied
in most detail. Mu undergoes transposition at high frequency in the
host, causing all the genetic rearrangements characteristic of a
transposable element. Replicative transposition is the normal mech-
anism for vegetative propagation during the lytic cycle. The sequences
required for transposition, demOnstrated by deleting the central

region of the phage to form "mini-Mus", are located within 1Kb of



the lefthand end and 0O,15Kb of the righthand end (Coehlo et al.,
1981) . Only the ends of the element and two phage—encoded products
are reéuired for transposition., The A gene is required for all
transposition processes; A mutants are defective for Mu integration,
replication, deletion and cointegrate formation. B mutants retain
1-10% of wild type activity. The A gene product is intimately in-
volved in replication of the phage, and is required in stoichiometric
amounts. There is also evidence that the A gene product is unstable

(Pato and Reich,1982) .,

The apparent replicative nature of transposition has prompted
a number of models to explain these observations (Grindley and Sherratt,
1979; Arthur and Sherratt,1979; Shapiro,1979). All the models
demard that the transposase protein recognizes the ends of the
element. Single-stranded nicks are made at either the 5' or 3!
ends of the element, followed by covalent attachment of the cleaved
element strands to transposase, in analogy with the ¢$X174 ctisA
protein and conjugal mobilization (Eisenberg et al.,1977; Warren
et al.,1978) . A staggered cut is made at the target site; the length
of this stagger determineséhe size of the duplication made and
is characteristic for each element. The ends of the element are then
ligated to the staggered break a£ the target site (see figure 1.5;
Arthur and Sherratt,1979; Shapiro,1979). If the 5' termini are used
for the initial cleavage event, then the exposed 3' hydroxyl ends
provide primers for DNA replication. This series of events results
in replicon fusion; the cointegrate can then be resolved by recom-
bination across the directly repeated copies of the element to
generate the normal transposition end-~products. If intramolecular
transposition occurs by this pathway, inversions or deletions result

depending on which strands at the target site are cleaved and ligated
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FIGURE 1,5 Symmetrical model for DNA transposition

a. Single stranded cuts are made at both ends of the transposable
element (5' or 3') followed by covalent attachmént of the trans-
posase protein to the exposed termini. A staggered cut is made at

the target site.

b. The ends of the element are ligated to the ends of the staggered
cut at the target site, presumably using the energy conserved in
the phosphodiester bond between the protein and DNA. Replication
can proceed from the exposed 3' hydroxyl groups to duplicate the

entire element and the small stagger at the target site.

¢, Semiconservative replication has generated a new transposable
element, plus a direct duplication at the target site, resulting

in cointegrate formation,

d, Site-specific recombination between the two transposable ele-
ments generates the normal transposition end-products, ie. the
donor replicon intact and the recipient replicon carrying a copy

of the element flanked by short,direct repeats.

e— represent 5' termini

>— represent 3' hydroxyl groups
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FIGURE 1,6 Consequences of intramolecular transposition




to the element (see figure 1.6).

Although cointegrates appear to be obliga;tory intermediates
during transposition of class II elements, many elements appear to
transpose directly to end-products, alleviating the necessity for
a cointegrated intermediate. To explain how direct transposition may
occur, asymmetric models have been proposed in which only one strand
of the element is initially cleaved/ligated to the target site
followed by element specific replication ina rolling circle mode
(Galas and Chandler,1981l; Harshey and Bukhari,198l). The outcome of
these events is direct transposition or cointegration depending
on which strand is used for the second cleavage/ligation step (see
figure 1.7). For direct transposition the transposase protein must
be able to recognize and cleave both 3' and 5' ends of the element,
a step which I find difficult to ‘reconcile. The introduction of in
vitro systems should shed some light on the molecular mechanisms

involved in transposition.

In eukaryotes transposable elements were first studied in
maize by McClintock (1952;1957); they have since been identified
and characterized in a number of organisms including Saccharomyces
cerevisiae and Drosophila melanogaster. The copia-like family of
Drosophila elements, including copia, 412, 297 and mdg, and
the Ty elements of yeast have many similarities, They are generally
5-7kb in length, have terminal direct repeats of several hundred bp
with small (about 1lObp) inverted repeats at the extfemities, are
present at about 30 copies per genome and have the ability to trans-
pose randomly throughout genomes (Cameron et al.,1979; Finnegan,
1981) . The copia and Tyl elements generate Sbp duplications on ins-~

ertion (Farabaugh and Fink,1980; Rubin et al.,1981) .The 338bp terminal
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FIGURE 1.7 Asymmetric model for DNA transposition

a. The transposase protein recognizes and brings together the
ends of the element and the small target seguence. The target

site undergoes a staggered cut.

b. One strand of the transposable element, shown as the 5' end,
is cleaved and ligated to the target site. Replication of the
element is initiated at one of it s ends from the exposed 3!
hydroxyl group; complementary strand synthesis proceeds from the
repliéatipn fork. The free target strand is held in place by the

transposase/replication complex.

c. Rolling circle DNA replication proceeds through the entire

element and small stagger at the target site,

d. Replication terminates when the other end of the element passes
through the replication complex. If the 3' end of the element,
opposite to the end ligated to the target site, is cleaved/ligated

to the free 5' end at the target site direct transposition results.

e. If the transposase/reblication complex cleaves the 5' end of
the other element strand and ligates it to the exposed 3' end at

the target site then cointegration results,



direct repeats of Tyl, designated §, are found alone in yeast gen-
omes; this is probably due to homologous recombination excising the
internél region of the element rather than independent transposition
of the § sequence (Fink et al.,198l). Surprisingly the direct repeat
sequences of copia are rarely, if ever, found independent of the
main body of the element (Rubin et al.,1981). There is no direct
evidence that eukaryotic elements replicate during transposition,
though presumably they do, due to their wide dispersal throughout
genomes, In some cell lines they may represent 10% of the genomic
DNA., The copia element has recently been compared, structurally,

with retroviruses (Finnegan,l1981).

Retroviruses are a family of RNA animal viruses which replicate

through a DNA intermediate. On infection the linear RNA molecule
1V \¥4

is reverse transcribed; the DNA intermediate circularizes, then int-~
egrates into the host genome, generating 4bp duplications on insertion
(Shimotohno and Temin,1981l). The proviral DNA contains long terminal
repeat sequences (LTR) that flank the main body of the element, Each
LTR contains small inverted repeats at it's termini; the LTR sequences
have peen shown to share some sequence homology with the copia ele-
ment. It has been suggested that retroviruses have evolved from
transposable elements, although integrated retroviruses have not

been observed to transpose (Shoemaker et al., 1981; Shimotohno and

Temin,l981).

The structural similarities between the copia and Tyl elements,
and retroviruses has led to speculation that a mechanism similar to
the retroviral replicative pathway may be used by eukaryotic elements
as a means of transposition. Extrachromosomal circular copies of

copia have been found in cultured Drosophila cells; these could of
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course arise by homologous recombination across the directly re-
peated flanking sequences of the copia element rather than as

replicative transposition intermediates (Flavell and Ish-Horowicz,

1981).

Transposable elements obviously play an important role in
linking nonhomologous DNA. They may also mediate rearrangements
by creating portable regions of homology on which the general gen-
etic recombination system can act, resuiting in deletions, inversions
and duplications (see figure 1.2). Studies on the rearrangements
mediated by transposable elements have revealed the fluidity of
gen ome structure, but little is known of the mechanisms by which
they occur. The introduction of im vitro systems to study the
transposition process, in conjunction with genetic analysis, should
reveal the precise molecular mechanisms involved and the proteins

required for transposition and integration of viruses.

Our group at Glasgow University is currently analyzing trans-—
position of the class II elements , Tnd and Tnd0I. These two elements
both encode site-specific recombination systems to regolve trans—
positional cointegrates. The work in this thesis describes a
detailed investigation into the Tné encoded site-specific recom-

bination system by genetic and biochemical techniques,



CHAPTER 2

MATERIALS AND METHODS



Name Relevant markers Source
AB1157 arg, his, leu, pro, thr, lac, |D.J.Sherratt

gal, ara, rpsl (=Sm")
AB2463 arg, his. leu, pro, thr, lac, |A.J.Clark

gal, ara, rpsL (=sm"), recA—13
Jco239 arg, his, leu, pro, thr, lac, |A.J.Clark

gal, ara, rpsL (=Smr)_, reck-143
JC5466 his, trp, recA~56 F.C.Cannon (Arthur

and Sherratt,1979)

DS825 mind, minB, rpslL (=Sm") | D.J.Sherratt
CSH52 ara, N(lac, pro), strA, thi CSH strain collection

rech (Miller,1972)
DS916 JC5466 rif® isolate D.J.Sherratt
AA41l Jc5466, R388 A.Arthur

857 .. . :

N4830 ACI containing strain R.Reed (Reed,1981b)
L5226 JC5466, R388::pRR12 L.Symington, (Chapter 3)
LS415 N4830, pLS213 - tnpR over- L.Symington, (Chapter 4

producing strain

TABLE 2.1 Bacterial strains
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1. Organisms

All bacterial strains, listed in table 2.1, are derivatives of

Escherichia coli K-12. The plasmids used are shown in table 2.2.

2. Chemicals and Enzymes

All were obtained from BDH, Oxoid, Difco, Sigma or BRL except the

following:

Chemical N Source

Sephadex G~75, G—}SO Pharmacia Fine Chemicals
CM~-Sepharose Pharmacia Fine Chemicals

Pd/Pt wire Agar acids

Piperidine ! Fleska

Radiochemicals - . Amersham (courtesy of Virology

department)

3. Basic Media

I~broth: 10g fryptone, 5g yeast extract, 5g NaCl, lg glucose; made

up to 1 litre with distilled water, adjust to pH 7.0 with NaOH.

Nutrient agax: 25g Oxoid No.2 NB, 12.5g'agar; made up to 1 litre in

distilled water.

Iso-sensitest agar: 23.4g IS medium, 12.5g agar; made up to 1 litre

in distilled water.

4°2

NaBCitrate, 0.4g MgSO4.7H2O; made up to 1 litre with distilled water.

Davis-Mingioli Salts (X4): 28g K2HPO&, 8g KH,PO,, 4g (NH,) SO,, lg

For minimal agar 100Oml were added to 300ml molten 2% agar, plus the
appropriate supplements as necessary.

Phage buffer: 7g NazHPO4, 3g KH .7H,0, 0.05g

,PO,+ 59 NaCl, 0.25g MgSO

- CaClz; made up to 1 litre with distilled water., -

472

Supplements: Where required growth supplements were added at the following

concentrations—~ amino acids at 4Oug/m1,’thymine at 20ug/ml, thiamine(B1)
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at 2ug/ml.

Antibiotics: Ampicillin, streptomycin, trimethoprim, kanamycin and
rifampicin were used at 50ug/ml; chloramphenicol at 25ug/ml and
tetracycline at 10ug/ml. All antibiotics except trimethoprim were
used in nutrient agar. Trimethoprim was used in minimal agar or, more
usually, in iso-sensitest agar (similar composition to nutrient, but
lacks thymine). Streptomycin selection for the plasmid RSF1010 was

at 20pg/ml in minimal agar.

4. Buffers

E: 0.04M Tris, 0.02M Nahc, 0,00lM EDTA, pH8.2 with acetic acid;
usually kept as 10X concentrate.

TBE (X10) : 108g Tris, 559 Boric -acid, 9.3g EDTA; made up-to 1 litre
with distilled water. The pH should be about 8.3.

SRB: 15.5g Tris, 72,05g glycine, O.1l% SDS; made up to 5 litres in
distilled water

- SDS-PAGE lower buffer(X4): 1.5M Tris-HCl1l, O.4% SDS, pH 8.8.

SDS-PAGE upper buffer (X4): O0-5M Tris-HCl, 0O.4% SDS, pH 6.8.

TE: lOomM Tris-HCL, 1M EDTA, pH7.5

TEN: 1OmM Tris-~HCl, 1lmM EDTA, 50mM NaCl, pH 7.5

FSB: 10% Ficoll(w/v): 0.5% SDS (sexrva) (w/v), 0.06% bromophehol blue
(w/v), 0.06% orange G (w/v) made up with buffer E,

ScCLB: 2.5% Ficoll(w/v), 1.25%5DS(w/v), 0.015% bromophenol blue (w/v),
0.015% orange G (w/v); made up with buffer E.

PFSB: 10% glycerol(v/v), 0.01% bromophenol blue (w/v), 5% mercapto-
ethanol(v/v), 3% SDS(w/v), 0.625M Tris, pH 8.0.

Elution buffer: 500mM NHgAC, 1lmM EDTA, 0.1% SDS(w/v)

-

Lytic Mix: 2% Triton X-100, 0.05M Tris, pH 8.0, 0.06M EDTA, pH 8.0;

made up with distilled water.

STET: 8% sucrose(w/v), 5% Triton X-100(w/v), 50mM EDTA, 50mM Tris-
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HCl, pH 8,0,

Low salt restriction buffer~LSRB (X10): 100mM Tris-HCl, lOOmM MgCl

2'
10mM DTT, pH 7.4. Used for restriction with ZhqrI.

Medium salt restriction buffer~MSRB(X10): 100mM Tris-HCl, 100OmM MgClz,
10mM DTT, 500mM NaCl, pH7.4. Used for restriction with BamHI, BglII,
Ctal, Hinell, HindIII, Sau3AI, and PStI.

High salt restriction buffer-HSRB(X10): 500mM Tris-HCl, 100mM MgCl

2'
1M NaCl, pH7.4. Used for restriction with EcoRI,and Salt.

NTE {X10) : 500mM Tris-HC1l, 50mM Mgclz, 100mM mercaptoethanol, pH7.9.

Kinase buffer (X10): 500mM Tris-HCl, 100mM MgClz, 50mM DTT, pH 7.6,

5. Growth conditions

Liquid cultures were grown in L-broth at 37° with aeration
unless otherwise stated. "Stationary phase cultures" were small liquid

cultures, usually 2ml, grown without shaking at 37% overnight.

Plates contained 25ml agar with the appropriate supplements
and were incubated at 37°C for 16-18 hr unless otherwise stated.All
dilutions prior to plating were made in phage buffer.

6, Purification of plasmid DNA

{(a) Cleared lysates

Cleared lysates were usually prepared from 100ml cultﬁres; for
cultures of 10ml or one litre the volumes of reagents were scaled up
or down accordingly. Cells were harvested by centrifugation at 12,000g,
40C for lOmihn The cell pellet was resuspended in 3.3ml cold 25% sucrose/
0.25M Tris-HCl, pH 8.0. 0.67ml of fresh lysozyme solution, made up at
lomg/ml in 0.25M Tris-HCl, pH 8.0, were added and the cell suspension
swirled freguently, on ice, for 1lOmin, 1.3ml of 0,25M EDTA, pH 8.0

were added and swirled again, while on ice, for 5min. 5.3ml of lytic
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mix were added gently to the cell suspension; the lysate was swirled

gently to ensure fhorough mixing. The cells were judged to have lysed

when the mixture was clear and viscous; this usually took about five
min. The lysate was ceptrifuged at 43,000qg, 40C for 20min to pellet

fhe chromosomal DNA and membranous material. The supernatant, containing

mainly plasmid DNA, was carefully decanted - this is referred to as

the cleared lysate. fhe cleared lysate was purified further by phenol/

isopropanol extraction or by CsCl/EtBr equilibrium centrifugation.

(b) Phenol/isopropanol extraction

The cleared lysate was mixed with an equal volume of freshly
distilled phenol, saturated with 1M Tris-HCl, pH 8.0. The phases
were resolved by centrifugation at 5,000 for 5min. The upper agueous
phase was phenol extracted twice more. Residual phenol was removed
by ether extraction. An equal volume of diethyl ether was added, mixed
well, the uppér phase (ether) was discarded and the process repeated
until the lower (agueous) phése was clear. ggsidual ether was removed
by blowing compreséed air over the surface of the solution. 0.1 volume
of 3M Ndhc was added, then 0.54 volume of isopropanol. This was mixed
well and left at room temperature for 45min to precipitate nucleic acids.
The soclution was centrifuged at 12,000g, 15°% for 2Smin; the pellet
obtained was washed with 70% ethanol/TE then dried. The dried pellet
was resuspended in 500ul TE and stored in airtight plastic tubes at

4%,

(c) CsCl/EtBr equilibrium centrifugation

For DNA of greater purity, cleared lysates wexe run fhrough
CsCl/EtBr gradients. For each tube 5.0g CsCl, 4.83ml cleared lysate,

0.33ml EtBr (3mg/ml), 0O.1lml 0.2M Na ., HPC, were mixed and placed in

2 4

Beckman quick-seal tubes. The density of the mixture was checked(it
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should be about 1.58g/cc), the tubes were filled with liguid parafin
and heat sealed. They were cenﬁrifuged in a Ti50 or Ti70 rotor in

a Beckman IL—2 ultracentrifuge ét 48Krpm for l1l6hr at 1500. Two bands
‘were formed within the gradient; the lower, densex one contains
covalently closed DNA. This band was removed by inserting a syringe
needle through the side of the tube and slowly drawing off the band
laterally. EtBr was removed by repeated:extraction with butan—l;ol.

The sclution was diluted with fhree volumes of water, then precipitated
by addition of two volumes of ethanol at -20%C for one hr. The DNA
was'collected_by centrifugation at 32,000g, 4°c for 25min. The pellet

was washed with 70% ethanol/TE, dried, then resuspended in 500ul TE.

(d) STET DNA Purification

For small scale DNA isolation a quick method was used $o
provide DNA suitable for transformation or restriction.A clump of
. cells, which had been "patched"onto selective plates, were resuspended
in 100pl of STET buffer in plastic eppendorf tubes and briefly
vortexed. 1lOul of freshly made lysozyme (10mg/ml) were added and the
lysate mixed well. The tubes were placed in a boiling water bath for
two min, then spun in an Eppendorf microfug; for 1Omin. The super-
natant was removed and nucleic acids precipitated from it by addipg
an equal volume of isopropanol and leaving at -20°%C for 15min. DNA.
{and RNA) were collected by centrifugation in the Eppendorf microfuge

for five min. The pellet was resupended in 20Ul of TE buffer; 5ul

were sufficient for each restriction,

(e) Birmboim/Doly DNA Purification

The basic principle of this method is alkaline denaturation
of linear DNA molecules. Cells are lysed with NaOH/SDS; chromosomal

DNA is denatured, but not covalently closed DNA, On neutralization



the mass of chromosomal DNA renatures and aggregates, proteins complex
with SDS; when centrifuged the supernatant contains only covalently

closed DNA and low molecular weight RNA (Birnboim and Doly, 1979).

Small overnight cultures, usually 1-3ml, were harvested by centrifugation

in the Eppendorf microfuge for one min; the supernatant was removed

with a drawn out pasteur pipette. The cell pellet was resuspended.

"in.lOOul 50mM glucose, 25mM Tris-~HC1l, pH 8.0, 10mM EDTA, then incubated

at 22°c for five min. 200ul 0.2M NaOH/1% SDS were added, gently mixed,

and left on ice for five min., To neutralize, 150ul precooled S5MKRAC,

pﬁ 4.8(3M KAc pH'd with acetic acid) were added, mixed gently and

left on ice for five min. The crude lysate was spun in the Eppendorf

for one min, the supernatant was removed and to it added two volumes

of ethanol.This was mixed well and left to precipitate on dry ice/

IMs for ldmin. The precipitate was collected by centrifugation in the

Eppendorf microfuge for seven min; the supernatant was discarded.

The pellet was washed with 500pl 70% ethanol/TE, mixed well, then

precipitated as before. The last step was repeated before finally

drying the pellet and resuspending in 20ul TE. 5ul were used for -

each restriction.

(f) Single colony cleared lysates(referred to as SCCL)

This techniqﬁe provides a quick method for analyzing the total
DNA content of a particular clone. The single colonies (isolated from
transformation or conjugation) were "patched" onto selective plates.
Clumps of cells, picked up using sterile toothpicks, were resuspended
in 150ul of SCCLB. The lysates were spun in an Eppendorf or Sarsted
microfuge for 15min; the supernatant, about 50ul, was loaded directly

onto agarose gels for visualization of the DNA content.
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7. DNA Electrophoresis through gels

Vertical gel kits held two glass plates measuring 16Xl6écm and
separated by perspex space?s of 3mm(lmm for acrylamide gels). The
gel liquid was poured between the two plates; 3mm thick teflon combé
(1mm.thick perspex for acrylamide gels) with 10 or 15 teeth were
pushed into the top displacing the gel material to produce sample
pockets, when removed from the set gel. Electrophoresis was from top

to bottomAwith the cathode at the top.

(a) Agarose gels

Sigma agarose (typeII, medium EEQ) and buffer E were used for
electrophoresis unless otherwise stated. Agarose gels for SCCL and
detection of Zn Vitro resolution were made up at O.8%(w/v);,for
restriction gels 1% agarose was usually used. The agarose/buffer E
mixture was heated to 100°C until-completely molten, then cooled to
4600 for gel pouring. DNA samples.were mixed with 0.25 volume FSB;
201l were usually loaded per pocket. The gel was run with buffer at
anode and cathode at between 20 aﬁd 120V until the blue dye marker
reached the bottom, unless otherwise stated. The relative separation
between bands increases when gels are run at low voltage for longer
times, but bands tend to be more diffuse., Restriction gels were usually
run at 100V for 4hr, whefeas gels analyzing large piasmids, such
as R388 derivativés, were run overnight at 20V. The gels were stained
in gel running buffer containing 0.5pg/ml EtBr for 30Omin., Gels were
viéwed on a 260nm transilluminator a;d photographed using a 35mm

camera (Ilford HP5 film) with a red filter.
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(b) Polyacrylamide gels

Optimal resolution of small DNA fragments was achieved by
analyzing restriétion digests of plasmid DNA on polyacrylamide gels.
10% (w/v) acrylamide, made up in TBE, was used to analyze small
fragmehts of 10-300bp; 5% (w/ﬁ) acrylamide was used to assay for
larger fragments, 100-1000bp. Acrylamide solutions (kept as 20%
acrylamide, 1% bis-acrylamide stock) were polymerized by the addition
of 0.36ml 10% (v/v) TEMED and 0.7ml 10% (w/v) APS in 60ml total
volume. Gels were :xun with TBE buffer at anode and cathode at 30mA
vugtil the yellow dye reached the bottom of the gel. The gel was
removed from the running apparatus, separated from the glass plates,

then stained and photographed as previously described.

(c) Sequencing polyacrylamide gels

High resolution sequencing gels resolve DNA strands of n
and n+l nucleotides over a range of one to several hundred base
pairs.The common gel sequencing techniques are versions of methods
described by‘Peacock and Dingman (1967) and Maniatis et ;Z.(1975).
ﬁor the experiments described in this thesis only 8% sequencing
gels were employed. 8% gels contained 7.6% (w/v) acrylamide, 0.4%(w/v)
bis-acrylamide, 50% (w/v) urea (8.3M), 100mM Tris-borate, pH 8.3,
2mM EDTA, 0.07% (w/v) APS, and 0,7%(w/v) TEMED as catalyst. This solution
was injected between two clean, siliconized glass plates, measuring
200X400mm sepa?ated by 0.3mm plasticard spacers. The gel material
was displaced from the top of the gel by a 0.3mm thick plasticard
comb to form the sample pockets. The gel was installed in the vertical
running apparatus; buffer reservoirs were filled with TBE. The comb
was gently eased from the top of the gel and sample pockets were

in’nhediétely flushed out with buffer to remove unpolymerised acrylamide,

which slides into the pockets from the top of the gel. Gels were
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pre-run at 40W (1600V) for 3Cmin, then disconnected prior to loading
samples. Samples, usually 3ul, were loaded with a glass capillary
tube evenly across the pocket. The power supply was reconnected

and the gel run at 40W until the bromophenol dye marker had nearly
reached the bottom. The gel was disconnected. One glass plate was
lifted from the gel, a sheet of "clingfilm" was spread over the

gel, smoothed down and secured with tape on the underlying glass
plate. This was placed over a sheet of X-ray film inside a light-
tight aluminium box. Exposing the gel to preflashed film, juxtaposed
with an infensifying screen at -70° produced an image much faster

and was generally employed.

8. Interpretation of gel data

The distance migrated is related to the size of a molecule
of a given conformati&n; small molecules run the furthest. The
distance migrated by a given DNA molecule is dependent on it's
conformation; supercoils generally run fastest and open circles .
slowest, with linear molecules between the two. ARbove a certain
size all linears run at the same rate, therefore large plasmid linears
run faster than corresponding supercoils., Large linea} fragmeﬁts

of chromosomal DNA appear as a single band.

For restricted DNA molecules, the relatioﬁship:

distance migrated=K.log(size)+c holds

If a DNA species is restricted to give fragments of known
gize,e.g. A or pBR322, then the sizes of fragments from other DNA

molecules may be determined from a graph of distance against log(size).
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9. Elution of DNA fragments from gels

(a) Electroelution

Fragments of DNA or DNA of ﬁnique conformation were separated
by electrophoresis through acrylamide or agarose gels. The stained
gel was placed on the long-wave transilluminator, the relevant
bands were excised Qith a scalpel and plaéed in a dialysis sac with
100l of TBE or E buffer. The dialysis sac was subjected to electro-
phoresis at 50V for 2hr. The current was reversed,to remove any DNA
from the sides of the dialysis sac,for 5min: The contents of sac were
removed, agarose discarded and DNA precipitated by the additipn
of 0.1 vol. 3M NaAc plus two vol. ethanol. This was placed at —ZOOC
for 30min, thencégtrifuged in the Eppendorf microfuge for 7min.

The DNA pellet was washed, dried and resuspended in TE, ready for

use to restrict, ligate etc.

(b) Crush-soak-precipitate method

This method was used exclusively for extracting labelled
DNA fragments from acrylamide gel slices. The DNA-containing baﬁd
was mashed with a siliconized glass rod in 200yl of elution buffer
in a lml eppendorf tube. The mixture wag then incubated at 450C
for 1ohr. Acxrylamide was filtered from the solution by pouring
through a glass wool plug in a punctured D.5ml eppendorf tube.
Acrylamide pieces were retained on the surface of the glass wool;
this was washed through with an additional 2001l of elution buffer.
DNA from-the filtered solution was precipitated by the addition of
2 vol. ethanol, then left at -20°C for 30min. The precipitate was

collected by centrxifugation for 7min in the Eppendorf microfuge,

washed, dried and resuspended in TE.
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10. DNA Manipulations in vitro

(a) Restriction of plasmid DNA

Restriction of plasmid DNA was performed in O0.5ml polypropylene
eppeﬁdorf tubes, The final reaction volume was 20ul, containing:
0.5ug plasmid DNA |
2 ul 10X appropriate restriction buffer
L unit enzyme
gelatin/water (at 0.1lmg/ml) to 20ul total volume
Complete digestioﬁ was usually achieved in two hr at 37°C°
For DNA isolated by the mini-prep. or phenol/ isopropanol extraction
methods, lui of lmg(ml ribonuclease was usually added as RNA species
tend to cbscure the small DNA fragments. Digests w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>