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ABSTRACT

DNA sequence analysis of a 2.2 kb EcoRI-HindIlI fragment from pED208, the
derepressed form for pilus formation of the IncFV plasmid Folac, reveals sequences
homologous to the origin of transfer or oriT region, traM and traJ genes of other IncF
plasmids. The TraM protein was purified and immunoblots of fractionated cells
containing pED208 or Fyplac shwed that TraM is predominately in the cytoplasm. The
TraM protein was found to bind to three large motifs in the oriT region: sbmA, an
inverted repeat, sbmB, two direct repeats and sbmC, the traM promoter region. These
three regions contain the sequence GANTC 16 times, which were spaced 11-12 bp (or
multiples thereof) apart, suggesting that TraM pfotein binds in a complex manner over

this entire region.

To determine the minimal binding site recognized by the TraM protein a series of
oligonucleotides were synthesized. These oligonucleotides were used in
electrophoretic mobility retardation assays as substrates for binding. TraM binds to the
single- and double-stranded form of an oligonucleotide containing two GATTC
sequences that arc 11 bp apart but not to a single Hinfl site sequence. Circular
dichroism spectra of TraM incubated with either the single- or the double-stranded

oligonucleotide showed interaction between the protein and the DNA.

The gene encoding the TraM protein of the conjugative plasmid F was cloned,
overexpressed and the gene product was purified. The TraM protein was found in the
cytoplasm of cells carrying the F plasmid. DNase I footprinting experiments show that
the purified proteih protects three regions in the F oriT locus with different affinity for



the two strands of DNA. Within the protected regions a 15 nucleotide motif was
identified that represents the DNA binding site. The TraM protein was also found to
bind to a sequence in the oriT region of the non-conjugative plasmid ColEl. This

resembles the three binding sites in the F oni T region.

The physical properties of the TraM proteins from F and pED208 were
characterized by means of sedimentation equilibrium, far ultraviolet circular dichroism
(CD), sucrose gradients and immunobloiting. The two proteins share a high degree of
amino acid sequence similarity and quaternary structure, as well as similar secondary
structures characterized by high o-helical content. Both proteins have been shown to
bind DNA, but they do not have a sequence that resembles the helix-turn-hclix motif

typical of prokaryotic DNA-binding proteins.

The interaction between the Integration Host Factor protein (IHF) of E. coli and
the oriT region of the conjugative plasmid pED208 was analysed using electrophoretic
mobility retardation assays and DNase I protection experiments. In addition, the
protein-DNA complexes were visualised by electron microscopy. IHF binds to three
sites in the oriT region with different affinity, with the first site being the closest to the
oriT site. The other two sites could omly be demonstrated to interact with IHF if
potassium glutamate replaced potassium chloride in the incubation mixtures. The
position of the high affinity site is consistent with those already found for the F and
R100 oriT regions; this supports the postulated functional role of IHF in the process

involving DNA migking and the initiation of DNA transfer.
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CHAPTER 1
Ir._roduction

Conjugation involves the transfer of a single-stranded DNA molecule between
bacterial cells in close contact with each other. The major implication of such a
process is that a wide pool of information is accessible to a variety of organisms.
Information in the form of metabolic pathways of simple carbohydr::.tes to complex
hydrocarbons, from resistance to antibiotics and drugs to ioxin production is shared.
Thus conjugation contributes to the genetic variability and adaptability of bacteria to
adverse environmental conditions (Mazodier and Davies, 1991). Conjugation
requires the following functions: production of a sensor able to detect a recipient cell
and establish the mating contact, stabilization of the contacts between the mating
pair, activation of DNA transfer, and regulation of the expression of the conjugative
machinery. All of the above-mentioned functions are encoded by the conjugative
plasmids, which also possess the site where DNA transfer originates, called the

oriT.

A. Bacterial Conjugation

Bacterial conjugation was first observed by Joshua Lederberg in 1946. To
explore the possibility of sexual recombination in bacteria, he tried to complement
Edward Tatum's Escherichia coli double mutants using the E. coli wild type strain
K12 (Lederberg and Tatum, 1946). The factor responsible for the complementation

was called the fertility (F) factor (Hayes, 1953). For a long time F was simply



considered a point in the E. coli chromosome from which the transfer started. It was
later discovered that F is a circular DNA molecule of 100 kb capable of integration
into the bacterial chromosome (Marmur et al., 1961, Freifelder, 1968).

Four highly unlikely circumstances allowed the first observation of
conjugation. First, the E. coli K12 strain carried the conjugative plasmid F; this was
rare in the pre-antibiotic era. Second, the F factor was derepressed as a result of the
insertion of an insertion element (IS3) in the F genome, consequently, "fertility
inhibition control" was inactivated (Willetts and Skurray, 1980); on average every of
such F+ cells is conjugation proficient (Brinton et al., 1964). Third, F possesses a
collection of insertion sequences that allow site-specific recombination with the E.
coli chromosome, thus creating the Hfr phenotype necessary for chromosome
transfer. Fourth, the double mutant strain had lost its F plasmid and could act as a

recipient for F.

The giscovery of bacterial conjugation was a cornerstone in the study of E. coli
genetics and contributed to the understanding of the circular structure (Jacob and

Wollman, 1961) as well as 'gonetic mapping of the bacterial chromosome.

The F factor was tﬁe first of a large number of conjugative systems to be
identified, although the detailed mechanisms involved in each system vary
signiﬁcamly. Conjugative systems include the resistance factors or R plasmids
which are responsible for the spread of resistance to antibiotics among pathogenic
baoteria (Taylor,‘ 1989), the tumor inducing (Ti) plasmids of Agrobacterium

tumefaciens which infect plant cells and cause crown gall formation (Zambryski,



1989), and the bacteriocin-producing plasmids, some of which are not capable of

autonomous transfer but can be mobilized by other conjugative factors.

There are two major criteria for the classification of conjugative plasmids. The
first is based on their ability to co-exist in the bacterial cell. If Incompatibility {Inc) is
defined as the result of controls occurring at the level of replication and partitioning
of the plasmid (Austin and Nordstrém, 1990), then two plasmids that cannot exist in
the same cell belong to the same Inc group. If they can be stably maintained, they are
members of different Inc groups (Couturier et al., 1988, Novick, 1987). Members
of the same Inc group usually share regions of DNA homology that correspond to
related conjugation systems. More than 20 Inc groups have been identified and their
members have been isolated from a wide range of Gram-negative bacteria (Taylor,
1989) and from five Gram-positive genera (Mazodier and Davies, 1991). Among the
Inc groups most extensively studied are the members of the IncF and IncP groups.
Membefs of the first group are called IncF because of their similarities to the F
plasmid with respect to their transfer regions (Willetts and Maule, 1986). Five incF
groups have been identified, the prototypes of each group are: F, ColB4, R1, R100
and Fplac (Willetts and Maule, 1986, Finlay et al., 1986a, 1986b). Members of the
incP group are characterized by their ability to transfer and be stably maintained in a

wide range of hosts, 7. e. they are promiscuous.

The second criterion for classifying conjugative plasmids is the host range.
Conjugative plasmids capable of transfer within the same or closely related species -
~ are called narrow host range, whereas plasmids able to propagate among different

species and genera are called broad host range or promiscuous plasmids. The best



characterized narrow host range plasmids are the IncF plasmids, and among the
‘promiscuous plasmids the IncP plasmids are the best known. The utility of this
criterion for plasmid classification has been reduced by the discovery of F-mediated
DNA transfer between E. coli and the Gram-negative bacterium Pseudomonas
aeruginosa (Guiney, 1982), and E. coli and the yeast Saccharomyces cerevisiae
(Heinemann and Sprague, 1989). These studies show that intergeneric and
interkingdom transfer is possible if the mobilized plasmids carry a vegetative origin
of replication recognized by the recipient host. This implies that host range
selectivity is the result of plasmid replication and maintenance functions rather than

of recognition of a specific receptor on the surface of the recipient.
B. IncF Plasmids

- In the F system the genes involved in conjugation, including oriT, are
clustered in é single region called the transfer (tra) regioh (Ippen-Ihler and Minkley,
1986). Early genetic‘investvigations coupléd with the recently completed sequence of
the 34 kb tra regibn of F have identified more than thirty genes and open reading |

-frames (Fig. 1. 1). The region containihg oriT and the site of interaction of the tra
gene products involved in DNA tréﬁsfer is called the oriT region. It is located at one
end of the transfer region oﬁ a 1.1 kb Bglll fragmeht (66.7 kb in the F map) such
that duﬁhg the,'corijugal DNA transfer, the tra region is the last to leave the donor cell
(Willétts, 1972; Thompson and Achtman, 1978; Achtman et al,, 1971); Despite the
wealth of genetic Ainformation' accumulated, the detailed mechanism of conjugal DN&,
transfer is still unclear. Figur.evl. 2 shows a schematic representation of conjugation

and the
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DNA replication
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transfter

Figure 1. 2
Diagram of bacterial conjugation. The process is presented accorting to the current

model and each step is discussed irs the text.



following sub-sections will iniroduce each step of the process and the genes

involved.

1. Recognition of and attachment to the recipient cell

In F and F-like plasmids the sensor is a hair-like appendage, called the sex
pilus. In F-mediated conjugation the receptor of the pilus is thought to be the outer
membrane protein A (OmpA) (Willetts and Maule, 1986). The pilus is a
homopolymer of the 7 kDa pilin subunit (Ippen-Ihler et al., 1984) encoded by the
traA gene as pre-pro-pilin of 13-14 kDa (Frost et al., 1984; Minkley et al., 1976).
The mature pilin subunits are arranged with a fivefold rotational axis of symmetry
around the pilus axis (Folkhard et al., 1979) and the interactions among subunits are
likely to occur via hydrophobic bonds, since pili can be dissociated into sub-units by

treatment with 0.1% SDS (Achtman et al., 1978b).

In contrast to the simplicity of the pilus biochemical composition, more than 14
tra gene products are involved in the synthesis and assembly of the pilus (Fig. 1. 1).
The functions of two of these gene products have been elucidated: the pre-pro-pilin
sub-unit undergoes amino-terminal cleavage of the first 51 residues in one or more
steps mediated by the traQ gene product, the amino-terminus of the mature pilin is

then acetylated by the traX gene product (Ippen-Ihler and Maneewannakul, 1991).

The pilus is also the receptor for two groups of phages: (1) F-specific RNA
phages that bind to its lateral surface of the pilus (Brinton et al., 1964), and (2)

filamentous single-stranded DNA phages that attach to the tip (Caro and Schnds,



1966). Sensitivity to these phages has been a powerful tool in the genetic

characterization of the tra mutants.

The pilus is essential for the establishment of mating pairs, since sodium
dodecyl sulfate (SDS) treatment of cells before mating pair stabilization totally
blocks transfer (Willetts and Skurray, 1987; Panicker and Minkley, 1985). The role
the pilus plays for conjugal DNA transfer is, however, controversial. The nature of
the pore through which DNA moves into the recipient cell has not been elucidated,
and conjugation between cells physically separated by porous membranes has been
demonstrated, suggesting that transfer of DNA may occur through the pilus

(Harrington and Rogers, 1990).

Upon attachment the pilus retracts, bringing the cells into wall-to-wall contact
to form the mating pair. Very little is known about the mechanism of retraction or the
molecular nature of the region of junction between mating cells. Some data suggest
that retraction may occur by depolymerization of the pilus into the donor cell where
the pilin subunits change from an axial arrangement to a sheet distribution creat’::g

the junction between mating cells (Folkhard et al, 19‘79).

2, Mating pair stabilization

The next step in conjugation is the stabilization of the mating pair which
depends on the action of the traN gene and the 3' end of the traG gene (Manning et
al, 1981). The biochemical mechanism of stabilization is not known, but there are
genetic data suggesting thix OmpA of the recipient cell may be involved (Willetts and
Skurray, 1980). Once the mating pair is stable (SDS- and shear-resistant), a signal is



transmitted to the DNA to start transfer. Everett and Willetts (1980) used AoriT*
transducing phages to map the nick site in vivo. The rationale for this approach was
as follows: if F* cells were infected with lambda phages carrying the oriT site, then
the phage progeny would be nicked at oriT. They found that the products of traY
and traZ genes are required for nicking, whereas previous genetic analyses had
identified the traM, tral, traD genes and the oriT region as well as traY and traZ as

essential functions for the conjugal DNA transfer (Kingsman and Willetts, 1978).

3. Conjugal DNA metabolism

Upon formation of a stable mating pair, the putative signal protein TraM is
thought to trigger the transfer process. The gene products of tral (DNA helicase I)
(Abdel-Monem et al., 1983) and traD unwind and "pump" the DNA through the
conjugal bridge in a 5' to 3' direction (as reviewed by Willetts and Skurray, 1987).
Although the 3' end of the transferred DNA is a free hydroxyl group (Everett and
Willetts, 1980), it can not be ligated to its 5' end. This led to the suggestion that the
latter was either partially hydrolyzed or modified (Thompson et al., 1989).
Therefore Willetts and Wilkins proposed a model for conjugal transfer in which the
5' end of the transferred strand is covalently bound to the TraYZ "nickase" and the
protein-DNA complex is anchored at the junction between the mating cells by TraD.
As a result, the single-stranded DNA is transferred as a loop into the recipient cell.
where a complementary strand is synthesized. At the end of the transfer process the
3' end was proposed to be ligated to the 5' end before leaving the donor cell

(Willetts and Wilkins, 1984).



The sequences of several oriT regions reflect the differences in the tra genes
involved in DNA metabolism. Complementation analysis identified four oriT classes
(Willetts and Maule, 1985; Finlay et al., 1986a) that show similar sequence
organization, such as a conserved region rich in GT (in the nicked strand), a
semiconserved region of high AT content, and a variable region containing several
direct and inverted repeats. In vivo experiments mapped three potential oriT sites in
the GT-rich region of F. Eventually, this region was proposed to be the site of the
nick in the other three oriT classes (Finlay et al., 1986a). More recently, the oriT site
was mapped in vivo at position 137 from the Bglll site at 66.7 kb in the F map
(Thompson et al., 1989), and at position 138 in vitro (Reygers et al., 1991); the
discrepancy was attributed to the steregghemical hindrance of the last nucleotide to
the sequencing reaction, as a result of the modification of the 5’ end (Reygers et al.,,
.1991). The AT-rich region and the series of direct and inverted repeats were
postulated to be the sites of binding of TraY and TraM proteins (Finlay et al.,
1986a).

Recent biochemical experiments have been directed towards understanding the
molecular and biochemical mechanism of initiation of DNA transfer. In 1988,
Traxler and Minkley mapped the traZ locus within the tral gene. They later found
that the F traZ locus is associated with the 5' end of the tral gene (Traxler and
Minkley, 1987, 1988); therefore, they postulated a bifunctional role for the Tral
protein as a DNA helicase I and as a site-specific DNA "nickase”. Tral catalyzes a
aucleoside 5'-triphosphate-dependent unwinding reaction of partial duplex DNA

(Lahue and Matsosn, 1988), but DNA helicase I is unable to unwind completely
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duplex DNA or nicked molecules (Abdel-Monem et al., 1977). It requires a single-
stranded DNA region approximately 200 bp long (Kuhn et al., 1979).

Two laboratories have demonstrated the bifunctional activity of F Tral as the
site- and strand-specific endonuclease that nicks oriT as well as a helicase (Reygers
etal,, 1991; Matson and Morton, 1991). Nicking at oriT occurs when the plasmid
contains negative supercoils and in the presence of Mg2+. The in vitro reaction does
not réquire TraY (Matson and Morton, 1991) in contrast with the prediction of
Willetts and Wilkins model (1984) and the finding that raY and traZ are necessary
for nicking AoriT phage genome; however, the efficiency of the in vitro reaction is
between 50% and 70% of its efficiency in vivo (Everett and Willetts, 1980).
Electron microscopy revealed aggregates of Tral attached to oriT-containing
fragments, thus identifying the source of the modification of the 5' end of the nicked
strand (Reygers et al., 1991). Electrophoretic mobility retardation assay and DNase |
protection analyses indicate the F TraY protein interacts with the DNA at a site 60 bp
downstream of the oriT site. However TraY does not nick the DNA in these
experiments (Lahue and Matson, 1990). Tral fails to protect the oriT region from

DNasel digestion (Matson and Morton, 1991).

In the IncFIV plasmid R100, the site- and strand-specific endonuclease activity
of the TraY-Tral complex was demonstrated to occur in reaction conditions similar
to the F system (Inamoto et al., 1991). Furthermore, the oriT site of R100 was

mapped, and corresponds to the site predicted by sequence comparison (Finlay et

al., 1986a).
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The TraM proteins of the F-like plasmids R1 and R100 have also been characterized
(Schwab et al., 1991; Abo et al, 1991). Both proteins interact with their
homologous oriT regions at sites predicted to be the TraM binding sites (Finlay et
al., 1986a). In the R1 system, two large regions of interéction separated by 12 bases
were identified. These regions appéaf to have multiple binding sites for TraM
(Schwab et al., 1991) whereas, in the. R100 oriT region, four bindihg sites very
close to each other were characterized (Abo et al., 1991). In both cases the binding
s1tcs are located approx1mately 100 bp away from the oriT sites and ovcrlap the traM
gene promoter reglons, suggesting autoregulation of traM expressmn However,
TraM functlon in DNA transfer remains elusive. Abo et al. found the over-expressed
TraM assdciated with the membrane and dispensablév from the iﬁ vitro nicking
reacnon They proposed that TraM binds to the oriT region of R100 and anchors the
DNA to the membrane (Abo et al,, 1991), whereas Schwab et al. suggested an
interaction between TraM and TraY proteins bound to adjacent sites in the oniT

region of the R1 plasmid (Schwab et al., 1991).

- The interaction of Integratibn Host Factor (IHF) protein with the oriT region
was analysed in thg R100 and F systenis. These studies were triggered by garlier
reports in which IHF- strains showéd between 100- and 450-fold decreased transfcr
: efﬁciehcy (Dempsey, 1987; Gémas etal, 1987).' IHF is a histone-like protein of E.
cbli that plays an essentiél role in site-specific recombination of phage A inid the
bacterial chromosome (Fﬁedmah, 1988;‘ Drlica and Rouvierc-Yéniv,- 1987). IHF,
‘l binds to speéiﬁc 'sequenées in AT-rich regions, and bends the DNA by more than
 140° (Yang and Nash, 1‘989), bringing the bindihg sites of the Integrase 'pro‘te,inintd’

close proximity. Integrase catalyzes recombination (Ross et al, 1979).
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In vitro studies identified two sites of IHF interaction in the oriT region. The first
site of high affinity (IHFA) is between the ori T site and the TraY binding site; the
second site is located in the variable region towards the traM promoter (Tsai et al.,
1990; Dempsey and Fee, 1990). These results suggest that a multiprotein complex
acts at oriT, and that IHF binding to the high affinity site would bring the site of
interaction of TraY into close proximity with the oriT site. The second IHF binding

site was proposed to have an effect on traM expression (Inamoto et al., 1990).

IHF has been shown to have an effect on the expression of some tra genes. In
the derepressed conjugative plasmid R100-1 two transcriptional products of the traM
gene were identified: a 705 nucleotide transcript and a shorter transcript 562
nucleotides long. The latter is initiated 148 bp downstream of the start site of the
longer transcript, and it is not under the control of any R100-1 gene products. Both
transcripts terminate inside the traJ open reading frame, although the exact position
of the 3' end is not known (Dempsey, 1989). Synthesis of the longer transcript is
increased by the presence of the traf gene, whose gene product is believed to activate
expression of the traY Opéron (see section 5. Regulation of expression).

However, in these experiments traM expression does not reach the levels obscrvgd
in the native conjugative plasmid, suggesting that regulation of traM expression is
dependent on traJ and some other unknown factors. The product of the longer

transcript encodes a polypeptide of relative mobility of 10,000 daltons on SDS-
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PAGE, and corresponds to TraM. No translational product of the shorter transcript |

was 1dent1ﬁed in maxicells. It was proposed that the shorter transcnpt (finM)

interacts wnh the finP product, an anti-sense RNA molecule complementaxy to the §'

untranslated region of the traJ gene (see section 5. Regulation of ex_pression) :



and prevents the establishment of the FinOP system which represses the traJ gene

(Dempsey, 1989).

Evidence for the effect of IHF on the expression of traM was presented by
Dempsey and Fee (1990) in the R100-1 system. They showed that full-length
- transcripts éf the traM gene are reduced in E. coli IHF- mutants carrying the cloned
R100-1 traM gene, whereas shorter transcripts of mobility corresponding to finM
* accumulate in IHF strains. The reasons for the transition remain unclear (Dempsey
and Fee, 1990). Furthermore, fraM transcripts appear even in the absence of the traJ

gene, indicéﬁng that traM expression is independent of traJ.

Transcription of at least one other gene in the R100 oriT region was shown to

be dependeat on IHF (Dempsey and Fee, 1990). The oriT region of IncF plasmids

is located between the traM and the gene X promoters. The latter is on the nicked -

strand 3 frox‘n,thc nick site. Thus it is thc first gene to enter the recipient cell and be

transcribed. The function of gene X is not known. It contains an open reading frame

that could encode a basic protein of 19.4 kDa (Fee and Dempsey, 1990).. Probes

specific for gene X identified two species of RNA that were shorter than full-length

transcripts in IHF- mutants. It was proposed that the two short transcripts contain

secondary structires which prevent their immediate degradation, thus allowing their-

detection on Northern blots. The sizc and amount of gene X transcript in wild ‘type

IHF* cells is not known (Dempsey and Fee, 1990).
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The multiprotein complex mode! implies that the distance between the

funCtidnal domains of the oriT region might be important. This was ‘demonstrated by



the detailed dissection of the oriT region of F performed by Fu et al. (1991).

Deletion mutants of the oriT region were tested for their ability to be nicked and |

promote transfer. Two sequences, essential for the nicking reaction, were mapped in
the second half of the conserved region extending into the AT-rich 1ogion. They
corresponded to the ori T site and IHFA. Two more sequences were identified in the
region containing the inverted and direct repeats that are essential for transfer.
Removal of these sequences reduced transfer efficiency by four orders of
magnitude. This regions had been proposed to contain the sites of interaction of the
traM gene product (Finlay et al., 1986a). As expected, the distance between the
functional domains is important for efficient nicking and DNA transfer. Insertion of
linker sequences between the functional determinants identifies a value of 12.25 bp
for the optimum inter-domain distances. This value is higher than the common range
for DNA turns (10.5-11 bp), suggesting the possible underwinding of the DNA
upon protein binding (Fu et al., 1991).

4. Surface exclusion
Cbnjug’ation among doner cells is prevented by the surface exclusion function
(Lederberg and Tatum, 1946). Two tra genes are responsible for this phenomenon,
tra$ and traT (Achtman et al., 1980). F TraS is an 18 kDa cytoplasmic membrane
protein, whereas TraT is a 25 kDa lipoprotein (Perumal and Minkley, 1984) located
in the outer membrane (Achtman et al., 1977, 1978a). TraS function is not
| understood but it may involve the blocking of DNA transfer (Manning and Achtman,
1979). TraT interacts with OmpA, vthe receptor of the pilus (Achtman et al,, 1'977),

‘thus preventing recognition and attachment (Riede and Eschbach, 1987).
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5. Regulation of expression

The regulatioh of éxpression of most of the tra genes is achieved by the traJ-
finOP system. Most of the tra genes are organized in the traY operon (Fig. I 1)
under thé control of the pypromoter. This promoter has no homology with the
consensus promoter seqvucnce in prokaryotic organisms, implying the presence of a
control mechanism (Finnegan and Willetts, 1973). G‘en.etic studies suggest TraJ asa
positive regulator of the expression of the py promoter (Willetts, 1977; Gaffney et

al., 1983).

To test the dependence of the F raY promoter activity on TraJ, Silverman et al.
(1990) created constructs of the traY promoter region fused tc the JacZ gene. TraJ
produces an =20 fold incrgase in B-galactosidase activity. Thé activity of py is alsol
under the control of two host factors, SfrA, and, at a minor level, IHF (Silverman et
al,, 1991). SfrA is 4i.nv'olwl/ed in the repression of chromosomal genes under aerobic
respiration control, and SfrA- mutants show an =15 fold reduction of the py
promoter. éctiyiiy. IHF was shown earlier to affect efﬁciéncy of transfer of the F
plaSmid- (Gamas etal., 1987). In vitro analyses 6f the traYpromoter also show that
TraY protein intefa@ts with this region (Lahue and Matson, 1990). These results
-suggest a. complex mechanisrﬁ of control of the traY promoter which 1s depéndent oﬁ
‘ plasmid as well as host functions. This is not surprising since the traY promoter is

the major switch for the expression of the conjugative machinery.'

tral gene expression is down regulated by the action of the fertility inhibition
. system FinOP (Finneghn and Willetts, 1973) \»_\(hich has two components: FinP, an

-~ antisense RNA molecule complementary to the untranslated region of the traJ
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messenger RNA; and FinQ, the product of the distal transfer gene finO (Fig. 1. 1). F
is naturally derepressed because of the insertion of an IS3 element in its finO gene
(Fig. I. 1). However the finO gene of compatible plasmids can cause repression of F
(Finnegan and Willetts, 1973). FinO binding to FinP increases the half life of the
RNA molecule from 7.5 to more than 40 min (S. Leev, MSc thesis, University of
Alberta) even in the absence of the traJ gene. The detailed mechanism of FinOP
action on traJ expression is controversial and the following model has been
proposed: FinO increases FinP half-life such that it binds traJ messenger RNA to
trigger degradation of the double-stranded RNA by the action of host RNase(s) (Qan
Biesen and Frost in press). Testing of this model awaits the purification and

characterization of the FinO protein.

6. Conjugal DNA replication

Both DNA strands are rep’licated as part of the conjugative vevent, and the
nature of the factors involved in the process has been investigated. Replication of
both the donor and transferred strand is dependent on DNA polymerase III as shown
by the analysis of dnaE temperature sensitive mutants (Kingsman and Willetts,
1978; Wilkins and Hollom, 1974). In the donor cell, replication could use the free 3'
hydroxyl groub asa priiner in accordance with the rolling circle mechanism. Or, an
RNA molecule synthesized by RNA polymerase could be used to prime, sihce inF
and F-like plasmids conjugal DNA synthesis was found to be rifampicin sensitive
(Kingsman and Willetts, 1978). The synthesis of the strand complementary to the
~ transferred strand was proposed to be discontinuous, with short RNA primer

molecules synthesized by dnaG gene product (Wilkins and Hollom, 1974). -
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Unsuccessful attempts were made to locate Tral or the plasmid-encoded single-
stranded DNA binding (ssf) proteins (Kolodkin et al., 1983) transferred together
with the DNA into the recipient cell. Only a small amount of a 92 kDa protein
identified as TraD is detected in the outer membrane fraction of recipient cells (Rées
and Wilkins, 1990). These results support the model in which the 5' end of the
~ transferred stfand is bound to Tral and anchored to the membrane at the junction
bcfwecn the mating celis during transfer. There is no evidence for a primase gene in
F and F-like ‘plasmids, unlike the promiscuous plasmids RP4 (Rees and Wilkins,
1990) and Coll-P9 (Rees and Wilkins, 1989).

It is clear from vthé overview presented (see sub-section 3. Conjugal DNA
metabolism) that several proteihs act at the oriT region to initiate and control the
DNA transfer process in responsé to the mating signal. It is believed fhat the site-

'an‘d strﬁnd-speciﬁc TraYI endonuclease continuously nicks and ligatés oriT like
topoisomerase I but ‘without the strand exchange, and that THF binding bctw)een oriT
and the TraY binding site brings the two sites into close proximity. It has also been
postulated that Ti'aM is the signal proteih which'may' interact with two regions in the
; oriT region that #re essential for transfer. These are located next to the TraY binding
‘_ site and may also regullate expression of the traM gene. How these proteins interact

and "talk" to each other is unclear.

C. Résearch' Objectives

‘One of the most delicate steps in bacterial conjugation is the initiation of DNA

transfer into the recipient cell. Since the transfer process occurs over a period of
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several minutes it is important that the contacts betweer: the mating cells are stable.
Thus, the signalling of the establishment of strong contacts to the multiprotein
complex at oriT is essential to achieve successful conjugation and, ultimately,

efficient propagation of the plasmid.

Among the F-like plasmids, this function was attributed to the traM gene. Cells
carrying traM F plasmids (Flac raM102) are sensitive to pilus-specific phages but
do not transfer DNA (Kingsman and Willetts, 1978). The traM locus is found in the
region between the oriT region and the fraY promoter, and is therefore the last gene
to leave the donor cell during transfer. Nucleotide sequencing of the traM gene of F
identified an open reading frame, and in vitro transcription experiments have mapped
the promoter (Thompson and Taylor, 1982). This region is unusual in that it
corresponds to the Second half of a pair of direct repeats, suggcstihg modulation of
the transcription of this gene. Preliminary biochemical characterization of TraM
protein using minicells ‘has localized it in the cytoplasmic membrane fraction
(Kennedy et al., 1977) although analysis of the amino acid sequence does not

predict the presence of hydrophobic regions (Thompson and Taylor, 1982).

pED208 is a 90 kb conjugative plasmid belonging to the IncFV class, first
isolated from a strain of Salmonella typhi (Finlay et al., 1983). It is of particular
interest because cells that carry the piasmid are multipiliated. Cells carrying the
plasmid produce on average 17 pili per cell (Frosi et al., 1985). Multipiliation is the
result of the insertion of an IS2 element at the beginning of the traY gene, thus the
tral-finOP control is by-passed (Finlay et al., 1986b). The ‘plasmid does not have

extensive DNA homology with F as shown by Southern blotting (Finlay et al.,
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1984), although the two plasmids encode similar gene products and show a similar
arrangement of genes. The nucleotide sequenvce of the region downstream of the 152
element identifies the gene for the pilin sub-unit traA, three of the genes involved in
pilus synthesis, traL, traE, traG, and the genes for surface exclusion traT and tra$S
(Finaly et al., 1986b; Finlay and Paranchych, 1986). The region upstream the 1S2

"element is similar to the oriT, traM and traJ regions of F (see Chapter II).

This thesis reports the clbning, over-expression and purification of the traM
gene product from two IncF plasmids. I have characterized their DNA binding
activities and compared the physical properties of the two proteins in order to gain a
better‘understandinvg of the mechanism of initiation of DNA transfer. In addition, the
interaction of Integration Host Factor with the origin of transfer of the pED208

plésmid has been studied.
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CHAPTER II

Characterization of the oriT Region of the IncFV Plasmid

pED20§!
A. Introduction

The conjugative plasmid pED208 is derepressed for pilus formation and DNA
transfer due to the insertien of an IS2 element near the transfer operon promoter in
the parental plasmid Folac (Finlay et al., 1986c). The origin of transfer (oriT) is
immediately upstream from the IS2 element on a 23 kb HindlIIl fragment (Finlay et
al,, 1983). Sequence analysis of the region downstream from this insertion element
revealed coding regions for proteins that were clearly related to the traYALE genes
of the IncF plasmids and the &aT surface exclusion protein of the F and R100
plasmids (Finlay and Paraichych, 1986). Thus the variation in sequence at the DNA
level belies the high degree of homology in the protein sequence and gene order

between pED208 and other F-like plasmids.

* The origin of transfer in conjugative plasmids is the site where one strand of
the DNA is nicked. This is followed by the transfer of the nicked strand in a 5' to 3"
direction into the recipient cell through a putative cor i sational bridge. The nicking
reaction involves the traY gene product (W illetts and Skurray, 1986; Ippen-IThler and
Minkley, 1986), and Tral which is DNA helicase I (Traxler and Minkley,‘ 1988).
1.A yersion of this chapter has been published. Di Laurenzio, L., Frost, L. S., Finlay, B.

B., and Paranchych W. Mol. Microbiology. 1991. 5: 1779-1790.
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| The TraM protein is thought to process the signal that a competent mating pair has
formed and to initiate the transfer process (Thompson and Taylor, 1982; Willetts and
Skurray, 1986). In addition to the nicking site, the oriT region contains a number of
direct and inverted repeats which may be control elements in the transfer process.
DNA sequence analysis of the on'T regions of the prototype plasmids that define the
various classes of oriT revealed that the oriT region could be divided into three
sections; the nicking region, an AT-rich region thought to bind the Tr1YI proteins
and a region with a complex pattern of direct and invertedvrepeats which could be the
binding site for the TraM proteinv. The xiumber of different sequences in each of
these regions corresponds to the number of hbmologs for tral, traY and traM (Finlay

et al., 1986b).

In addition to the oriT region and traM, the sequence presented in this Chapter
revealed an open reading frame whick is homologous to the TraJ protein of other
IncF plasmids (Fowler et al., 1983; Paranchych et al,, 1986). The Tral protein is

.thought to be a positivc regulatory element in the transcription of Ithe transfer operon

whicn encades the genes for pilus ass:ably. However, no direct evidence of its

’binding tr the preimoier 7 <+ has been cbserved (reviewed in Ippen-Ihler and

Minkley, 1986; Paranchych and Frost, 1988), I= the course of invesi:gating traM,

the traJ gene was sequenced and the compositis»n and amino-terminal of the TraJ

protein sequence were confirmed. However,understanding the mode of action of the

TraJ protein requires further study.
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B. Experimental Procedures

1. Bacterial strains and plasmids

PED208 is a derepressed mutant of the IncFV plasmid Fylac (Finlay et al.,
1984). Recombinant plasmids, described below, were transformed into E. coli
JMB83 (Vieira and Messing, 1982), HB101 (Boyer and Roulland-Dussoix, 1969),
K38 (Russel and Model, 1984) or JC3272 (Achtman et al., 1971). Escherichia coli
ED24 (F- Lac Spc) was used as the recipient strain in plasmid transfer experiments
(Finnegan and Willetts, 1971). The plasmids pT7-3, pT7-4 and pGP1-2 (Tabor and
Richardson, 1985) were provided by Staun Tabor (Department of Biological
Chemistry, Harvard Medical School, Boston, Ma.). The plasmid pUC18 (Yanisch-
Perron et ai., 1985) was employed for cloning experiments. Chimeric plasmids used

in this study are listed in Table IL. 1.

2. Media

LB (Luria-Bertani) broth was as described previously (Maniatis et al., 1982).
358-labeling minimal medium (Miller, 1972) was supplemented with 0.004% amino
acids ar;d 1% Methionine Assay powder (Difco Laboratories, Detroit, Mich.).
Antibiotic concentrations were 25 pg ml-! for both ampicillin and kanamycin (stock
solutions 5 mg ml-! and 10 mg ml-! in water, respectively) and 100 pg mi-! for
rifampin (stock solution 20 mg ml-! in methanof) and were obtained from Sigma

Chemical Co., St. Louis, Mo.

3. Transfer efficiency assay
Mating experirhents were performed by Dr Laura S. Frost. Cultures of donor

(E. coli JC3272 cbntaining various plasmid constructs) and recipient (E. coli ED24)
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cells were grown to mid-log phase and 0.1 ml of each was mixed together with 1.0
ml fresh LB broth. The mating mixture was incubated without shaking for 30 min at
379C and appropriate dilutions were plated out on minimal plates tontaining
spectinomycin (10 pg ml-1) and either 2% glucose or 1% iactose and selective

antibiotics.

4. Protein over-expression and labeling

The gene products expressed by the pT7-3 or pT7-4 chimeras (described in
Table II. 1) were labeled .with [35S]-methionine as follows. E. coli K38 cells,
transformed with both pGP1-2 and pLDLO002 or pLDL0O05 were grown in 2 ml of
LB medium with kanamycin and ampicillin at 30°C, to an ODggg of 0.5. one ml of
culture was centrifuged and washed with 35S-labeling medium. The cells were
resuspended in 1.0 ml of 33S-labeling medium and incubated with shaking at 30°C
for 1 hr. The temperature was raised to 42°C for 10 min. A 5 pl volume of rifampin
was added, and the cells were incubated for a further 10 min at 42°C. The cells were
shifted to 30°C for another 20 min which was followed by the addition of 10 pCi of
[35S)-methionine (Dupont, Lachine, Quebec, Canada). After 5 min at 30°C, the cells
were centrifuged, lysed with sample buffer (see below) and subjected to
polyacrylamide gel electrophoresis (PAGE) on a 15% gel in the presence of sodium
dddecyl sulfate (SDS). The gels were soaked for 30 min in 1M sodium salicylate
and vacuum-dried before exposure to XAR-5 X-ray film (Eastman Kodak Co.,
Rochester, New York). To over-produce TraM protein, E. coli K38 cells,
transformed with pGP1-2 and pLDLO02, were grown to an ODggo of 0.9 in 200 m
of LB broth in the presence of kanamycin and ampicillin ai 369C. The cells were

incubated in a 65°C water bath with swirling uniil the temperature reached 42°C
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(about 3 min) and were further incubated for 25 min at 42°C before addition of 1.0

ml of rifampin. The cells were ready for fractionation after 2 hr at 370C.

5. Cell fractionation and membrane preparation

After over-production of the proteins, the cells were cooled on ice and
centrifuged at 10,000g for 10 min. The pellet was washed and resuspended in 2.4
ml of 50 mM Tris-HCI, pH 8, and 25% sucrose. A 16 ul volume of 12 mg/ml of
lysozyme in 0.25 M EDTA was added (final concentration, 80 pig mi-! and 1.7 mM,
respectively). Two volumes of ice cold water were added and the cells were
incubated on ice for 30 min. The spheroplasts were centrifuged for 10 min at
12,000g. The supernatant containing the periplasmic fraction was dialysed and
freeze-dried. The pellet was washed with Tris HCI, pH 8, 25% sucrose, and
resuspended in 3.5 ml of ice cold water. The cell suspension was then passed three
times through a French pressure cell (American Instrument Co, Silver Spring, Md.)
at 986 Kg cm-2. The crude lysate was centrifuged at 12,000g for 15 min to remove
undisrupted cells and the supernatant was centrifuged at 100,000g in an
ultracentrifuge (Beckman model L8-M, SW41 rotor, Beckman Corp., Sunnyvale,
Ca.). The supernatant, containing the cytoplasmic fraction, was dialysed and freeze-
dried. The crude membrane pellet was resuspended by vortexing and sonication (3
pulses of 30 sec each) with a microprobe in 10 ml of 10% (w/v) sucrose, 3 mM
EDTA, pH 7.5, and centrifuged at 100,000g for 1 hr. The procedure for washing
the membrane fraction was repeated (Yamatc et al,, 1975). The crude membrane
fraction was resuspended in 3 ml of 0.5% N-laﬁroylsarcosine (Sarkosyl, Sigma
Chemical Co., St Louis, Mo.), incubated for 20 min at room temperature and

sucrose was added to a final concentration of 0.25 M (Filip et al., 1973). The innei
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and outer membranes were separated by ultracentrifugation at 360,000g for2hrina
SW50.1 rotor. The supernatant, containing the inner membrane proteins, was
dialysed and freeze-dried, and the pellet containing the outer membrane proteins was
resuspended in 3 mM EDTA, pH 8. All operations were performed at 4 °C, The
total protein content in the four fractions was assayed using the Lowry (Lowry et

al., 1951) or the Biorad (BioRad, Richmond, Ca.) protein assays.

6. Crude cell extract preparation

The procedure for preparation of crude cell extracts was identical to that for cell
fractionation except for the following. After treatment with lysozyme, the cells were
disrupted by two passages through a French pressure cell and the lysate was
centrifuged at 100,000g for 3 hr at 4°C. The soluble fraction was; extensively
dialysed against the buffer used in DNA electrophoretic mobility retardation assays
(see below) and frozen at -20°C in the presence of 0.1 mM phenylmethylsulphonyl
fluoride (PMSF). One ml aliquots were stored at 4°C for several months and used in

DNA electrophoretic mobility retardation assays and DNA footprinting experiments.

7. TraM protein purification

The procedure for the preparation of the soluble fraction (fraction I) was
identical to that of crude cell extract preparation except for the following. After
lysozyme treatrﬁent, the cells were disrupted by two passages through a Frerich
press, RNase was added to a final concentration of 50 pug mi-1, and the lysate was
centrifuged at 100,000g for 1 hr. All steps in the puriﬁcatidn procedure were
performed at 4°C unless otherwise stated. Solid ammonium sulfate was added to

fraction I to a concentration of 30% with constant stirring and centrifuged at 10,000g
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for 30 min. The ammonium sulfate was increased to 50% for 30 min and the
solution was centrifuged at 10,000g for 30 min. The final supernatant (Fraction III)
was dialysed against S0 mM Tris-HCI pH 7.5, 0.1 mM EDTA, 1mM dithiothreitol
(DTT, ICN Biochemical, Cleveland, Ohio) (TED buffer) and concentrated 10 times
using an ultrafiltration cell with a molecular weight cut-off of 10 kDa (Filtron

Technology Corp., Clinton, Ma.).

One milliliter aliquots were loaded on an FPLC anion exchange column
(Preparative MonoQ HR10/10, Pharmacia, Uppsala, Sweden) equilibrated with
buffer TED. The samples were eluted using a linear NaCl gradient in TED at the
flow rate of 1 ml min-1. One milliliter fractions were collected and the elution profile
was followed with a 280nm UV detector. TraM was eluted as a single peak at 0.30
- 0.32 M NaCl as determined by conductivity measurements. Peak fractions from 3
chromatography experiments were pooled, dialysed agajnst TED, and concentrated
to 300 ul using a microconcentrator with a moleculag weight cut-off of 30 kDa
(Amicon, Danvers, Ma.) (Fraction IV). A 10 ul volume of Fraction IV was loaded
onto a native DNA-cellulose (Pharmacia, Uppsala, Sweden) column (19:cm, 1.6
cm) equilibrated with TED buffer at 20°C. The column was washed with 1 ml
volumes of TED of increasing NaCl concentration. Pure TraM was detected in the

0.3 M NaCl/TED fraction (Fraction V).

8. Antisera preparation
Purified TraM and TraJ proteins were electro-eluted from lightly stained bands
on a sodium dodecyl sulfate (SDS) polyacrylamide gel (PAG) according to the

method of Hunkapiller et al. (1983). To obtain anti-TraM or anti-TraJ antisera, New
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Zealand White rabbits were injected intramuscularly in the gluteal area with a total of
80 pg of pure protein dissolved in equal volumes of sterile saline solution and
Freund's complete adjuvant (2 ml total). The rabbits were injected one and two
weeks later with 80 pg of purified protein and Freund's incomplete adjuvant. The

animals were bled approximately two weeks after the final injection.

9. Transfer of protein from SDS-polyacrylamide gels to nitrocellulose

SDS-PAG electrophoresis was carried out as described by Lugtenberg et al.
(1975) with the following modifications. The running gel contdined 15%
acrylamide, 0.27 N,N'-methylene-bis-acrylamide, whereas the stacking gel
contained 7.5% acrylamide, 0.2% N,N'-methylene-bis-acrylamide. The thickness of
the gels was 0.75 mm. Samples were boiled for 5 min in sample buffer (0.08 M
Tris-HCl, pH 6.8, 2.5% SDS, 10% glycerol, 0.7 M B-mercaptoethanol, 0.025%
bromophenol blue) before application to the gel. After electrophoresis, the proteins
were transferred to nitrocellulose .papei' with a Transblot apparatus (Biorad,
Richmond, Ca.) according to the procedure described by Towbin et al. (1979). The
transfer process was carried out for 120 min. A duplicate gel was also stained with

Coomassie blue, using the method of Fairbanks et al. (1971).

10. Immunological detection of proteins on nitrocellulose paper
Immunological detection was exactly as described previously by Towbin et al.
(1979) except that 125]-labeled protein A (Dupont, Lachine, Quebec, Canada) was

used instead of 1231-labeled sheep immunoglobulin G.
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11, Protein composition and sequencing

Crude extracts of cells over-expressing pLDLOOY were separated by SDS-
PAGE (Laemmli, 1970). Gel slices containing TraM or TraJ protein were excised
from the gel and the protein was electro-eluted according to Hunkapiller et al.
(1983). Amino acid analyses were performed on 3-5 nmol of protein hydrolysed in
constant boiling HCI at 110°C for 20 hr under vacuum. After hydrolysis, the
samples were freeze-dried and washed in water several times to eliminate excess
ammonium ion. The analysis was performed by Mike Natriss on a Dionex amino
acid -analyser fitted with a standard ion exchange column (DC6A, sulfonated
polystyrene). Stepwise elution was performed with the following buffers; (.2 M Na
citrate buffer, pH 3.28, 0.2 M Na citrate buffer, pH 4.25, 0.2 M Na citrate and 0.9
M NaCl, pH 7.9. The column was calibrated with Amino Acid Standard H (Pierce
Chemical Co., Rockford, I11.).

Amino acids were detected by post-colur:n ninhydrin derivatization and the
effluents were monitored at 590 nm for amino acid derivatives and at 440 nm for
proline derivatives using 51°C for the first 50 min and 650C for the remaining 70
min. The amino acid composition of purified TraM proteir was determined on 0.3
nmol of protein hydrolysed at 110°C for 20, 44, and 72 hours. The analysis was
performed on an Applied Biosystems Inc. HPLC syétem consisting of Model 130A
Separation system, Model 420A Derivatizer for phenylthiocarbamyl (PTC-)
derivative ideﬁﬁﬁcation. Automated protein sequence analysis (Hewick et af., 1981)
Was performed by Mike Carpenter on an Applied Biosystem Mode! 470A gas-phase
sequencer coupled to an Applied Biosystems Mode! 120A HPLC for on-line PTC-

‘deriVative identification. All sequencer chemicals were purchased from Applird
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Biosystems Inc., Foster City, Ca. and the manufacturer's standard sequencing

protocol (03RPTH) was used.

12. Recombinant DNA techniques

Restriction enzymes, T4 DNA ligase, and the large fragment of DNA
polymerase I (Klenow) were purchased from Bethesda Research Laboratories,
Gaithersburg, Md The restriction enzymes and T4 ligase were used according to
the supplier's speciﬁcatibns. Nick translations, DNA transfer to nitrocellulose
filters, DNA filter hybridization and colony filter hybridization have been described
previously (Frost et al., 1985). The transformation of E. coli with plasmid DNA
and the isolation of DNA fragments for cloning procedures were according to

Maniatis et al, (1982).

13. Prcbaration of labeled fragments
The plasmids pLDL101 and pLDL102 were digested with HindIII and EcoRI
“and the plasmid pLDL108 was diyestzd with BamHI and Kpnl. The products were
separated by electrophoresis on a 1.6% égarose gel. The appropriate fragments,
containing the oriT region, were eluted from the gél according to the procedur_é of

Dretzen et al. (1981). The purified fragments were specifically labeled at the 3' end
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with a[32P}dCTP or a[32P]dATP (Dupont, Lachine, Quebec, Canada) by the

"filling-in" reaction (Maniatis et al., 1982).

14. DNA-protein complex electrophoretic mobility retardation assay
~ Protein-DNA complf‘:xes were detected using the method described by Garner

and Revzin (1981) with the following modifications. 32P end-labeled fragments



were incubated for 30 min at room temperature in a 20 ul volume of DNase I
footprinting buffer (25 mM HEPES, pH 7.8, 50 mM KCl, 0.5 mM DTT, 0.05 mM
EDTA, 5% glycerol, 0.5 mM PMSF) with varying amounts of purified TraM
protein in the presence of competitor DNA (poly[dI-dC]poly[di-dC], Sigma
Chemical Co., St. Louis, Mo.). Reaction mixtures were immediately loaded on pre-
run 5% polyacrylamide gels without addition of any loading buffer (the glycerol
present in the reaction buffer was sufficient to ensure proper loading into gel wells)
and electrophoresis was performed at 30 mA at room temperature. The dried gels

were exposed to X-Ray film at -70°C.

15. DNase I footprinting

DNase 1 (Deoxyribonuclease I, Worthington Biochemicals, Freehold, N.J.)
protection analysis was performed on 32P end-labeled DNA fragments as previously
described (Ohlsson and Edlund, 1986). The products of DNase I digestion were
separated either on 6% or 12% polyacrylamide-urea sequencing gels and G and

G+A sequencing reactions were performed according to Maxam and Gilbert (1980)
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and used as size markers. Radioactivity was detected by exposure of the dried gel to

X-ray film.

C. Results

1. Sequence analysis of the oriT to traY region of pED208
‘The sequence of the first 1782 bp of a 2.2 kb EcoRI-HindIlI fragment derived:

from pED208, beginning at the EcoRI site and continuing to the beginning of the -

IS2 insertion element at position 1783 (the HindIII site occurs in the 1S2 element), is



presented in Fig II.1. It was determined by Brett Finlay and Laura Frost. The
sequénce includes the important restriction sites, the organization of the genes in this
region which have high homology to genes in the previously reported oriT regions
of other F-like plaSmids, and the site of insertion of the IS2 element in the traY gene.
Examination of the first 360 base pairs of sequence beyond the EcoRI site reveals
three regiqns that have homology to the oriT region of other F-like plasmids (Finlay
etal, 1986b). The first region (Fig. 11. 1, positions 50-70) reseinbles the AC-rich
region complementary to the nick .site proposed for these plasmids. The second
régioh, positions 67-137, is AT-rich and contains imperfect direct repeats starting at
posiﬁdns 94 and 116 and an inverted repeat at position 65-81. This is similar to the
proposed binding site for the other F-like TraY proteins and, recently, the TraY
.protein of R100 §av'as shown to bind to shoft repeats in this region (Inamoto and-
Ohtsubo, 1990). The four other F-like oriT regions have little homology with each
‘ 6ther beyond the AT-rich region up to the translational start site for traM. This third
region could be the binding site for the TraM protein since the number of classes for
the traM gene corrésponds to the number of different sequences in this region. In
pED208, there are two dir_ccf repeats starting at positions 152 and 197 and an
inverté_d repeat stafting at 232. The most renia'rkable aspect of _this sequence
(positions 153-359) is the preéence of 14 Hinﬂ sites in this region, most having the
sequence GAA/IfT C 5s weil as two additional Hinfl-like sites at positions 164 and
355. The palindromic nature of this sequence makes it possible to predict many
‘overlapping direct and inveﬁed repeats using computer algorithms. However, only

these 2 direct repeats and the strong inverted repeat are indicated for simplicity.
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As in the case of the other four classes of traM, there was no strong prediction for a
promoter for the traM transcript (Finlay et al., 1986b; Thompson and Taylor, 1982).
The open reading frame that begins at position 393 reveuls a protein sequence with
high amino-acid sequence homology to the TraM protein sequences of other F-like
plasmids. The sequence did not contain a strongly predicted domain for DNA
binding with the helix-bend-helix motif (Takeda et al., 1983) and it had a highly

acidic carboxy-terminus with 6 acidic residues in the last 7 amino acids.

The region between traM and traJ in other F-like plasmids contains an inverted
repeat which could be a rho-dependent termination site for the raM ranscript and the
transcriptional start site for the traJ gene (Paranchych et al., 1986). The traJ
transcript in the F-like plasmids has a 105 base untranslated region which is the site
of action of the FinOP antisense RNA regulatory system (Finlay et al., 1986a).
pED208 has an inverted repeat that begins at position 793 which, on the basis of
homology to the other F-like traM genes, could:be a:rho-dependent terminator for
traM transcription. However, there are no other inverted repeats in this region which
would be analogous to the stem-and-loop structures predicted for the FinOP
régillatory system of the other F-like plasmids. There is an open reading frame that
begins at position 1072, preceded by a strong ribosome binding site which encodes
for a protein homologous to the TraJ proteins of the other F-like plasmids which are

themselves only 21-23% homologous with each other (Paranchych et al., 1986).

| The Tral protéin has a characteristically high content of aromatic amino acids (14%)
- and a predicted DNA binding domain in the carboxy-terminal portion of the protein
which was also found in the other three alleles of traJ (Paranchych et al., 1986).

‘However, the pED208 TraJ protein is smaller than the other TraJ proteins, with a
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predicted molecular weight of 17,900. The sequence following the traJ gene could
encode a longer polypeptide if there was a shift in the reading frame. The possibility
that the traJ gene degenerated after the insertion of the IS2 element existed. Thus, the
corresponding 3.075 kb EcoRI fragment of Folac, which encodes the oriT to traE
genes was cloned and sequenced in the tra/ region with a series of oligonucleotide
primers. No diffcrcnce between the traJ regions of pED208 and Fylac could be
detected; this suggested that the TraJ protein of pED208 is indeed smaller than those

of the other F-like plasmids.

The region following the traJ gene contains two small direct repeats (position#
1527 and 1540), but no inverted repeats which have been proposed to be signals for
termination of the traJ transcript or the initiation of the &raY operon in the othe; F-
like plasmids (Paranchych et al., 1986). However, the high AT content characteristic
of this region is conserved in pED208 as well as a potential CRP (cAMP Receptor
Protein) binding site (AA -TGTGA--T---TCA-TA/T, positions 1592-1612) (Ebright
| etal, 1984). |

| An open reading frame begins at position 1727 which is preceded by a weak
ribosome binding sit¢ and which encodes a peptide of 19 residues before the
beginning of the sequenée of the IS2 insertion element. When the ‘sequences
flanking the IS2 elerﬁent presented here and in Finlay etal., (1986c¢) are combined,

there is a characteristic 5 bp repeated sequence (two codons repeated) on either side

~of the IS2 element (Kleckner, 1981) and there are 17 codons from the initiation site

of traY to the beginning of the IS2 element. The sequence of the amino-terminal

region has no discernible homology with that of the other three F-like TraY proteins
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(Finlay et al., 1986b). The F-like traY genes begin with the rare initiatings codon,
UUG, as well as a strong ribosome binding site (Inamoto et al., 1988; Finlay et al.,
1986b). Examination of the region upstream of traY in pED208 revealed the
presence of a strong ribosome binding site (positions 1671-1676) and a UUG codon
three base pairs downstream, suggesting there is a primordial relationship to the
other F-like plasmids in this region. However, there are 2 stop codons in this

reading frame.

2. Determination of the minimal sequence required for transfer

Finlay et al. (1983) showed that cells containing a 30 kb HindIlI fragment
from pED208, beginning in the middle of the IS2 element and cloned into
pPACYC184 (pBF101), were capable of synthesizing pili but could not transfer.
When a sécond plasmid (pBF105), containing a 23 kb Hindl1I fragment cloned into
pBR322, was introduced into cells containing pBF101, the cells became transfer-
proficient and pBF105 was transferred into the recipient cell. pLDL100 and its
derivatives (Table II. 1) are subclones of pBF105. The first 70 base pairs
downstream from the EcoRI site resemble the nicking site of other F-like plasmids.
The ability of these plasmids to be mobilized in the presence of pBF101 was tested
(sec Experimental Procedures page 34). pLDL100 (containing the 2.2 kb
EcoRI/Hindlll fragment) and pLF201 (containing the 790 bp EcoRl/Xmnl
fragment) were capable of being transferred while pLDL102 (containing the 190 bp
EéoRI/Tan fragment) was not (Table I1. 1). Thus, traM and the proposed nicking
region in the first 70 base pairs after the EcoRI site (Fig. II. 1) were required for
transfer but sequences upstream of the EcoRI site as well as traJ and surrounding

sequences were not essential.
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Table II. 1
Plasmid Portion of pED208*/Vector Mobilization
. frequency per
donor cell **
pLDL100 2.2 kb EcoRI-Hindlll/pUC18 0.74
pLDL002 2.2 kb EcoRI-Hindlll/pT7-3 ND
pLDL102 191 bp EcoR1-Tugl (1-189)/pUC18 ND
pLDL101 437 bp EcoRI-Sau3A(1-437)/pUC18 <0.5-104
pLDL108 253 bp Sspl-Dral (116-369)/pUC18 ND
pLDL005 470 bp Dral-Dral (369-839)/pT7-4 ND
pLF201 790 bp EcoRI-Xmnl (1-801)/pUC18 1.2
pBF101%%*#* 30 kb Hindlll/jpACYC184 , 0.7
PBF105%*** 23 kb Hindlll/pBR322 0.0

* . Numbers in parentheses refer to position in Figure I1. 1

**. The ability of a chimera to be mobilized into a recipient cell in the presence of
pBF101, which is capable of pilus expression but lacks oriT and TraMJ, was
measured as described in the Experimental Proceaures | |
***_ Finlay et al. (1983)

ND, not determined




3. Overproduction and analysis of the TraM and TraJ proteins

The 2.2 kb EcoRI-HindlIll fragment was cloned into pT7-3 vector (Tabor and
Richardson, 1985), named pLDL002 and expressed in Escherichia coli K38. A
typical autoradiogram of [35S]-methionine-labeled proteins from crude extracts of
whole cells is shown in Figure I1. 2. In addition to the B-lactamase protein and its
precursor at 25-30 kDa, and an unknown protein band of 60-70 kDa, there were
only two proteins expressed, which had apparent molecular weights of 10,900 and
15,300. The expected molecular weights for the TraM and Tral proteins were
14,542 and 17,894, respectively, as calculated from the DNA sequence. No other

coding regions in pLDL002 were capable of coding for a protein.

In order to obtain large amounts of the 10.9 and 15.3 kDa proteins, pLDL002
was over-expressed in E. coli K38 for a two hour period as described in
Experimental Procedures. The cells were French-pressed and fractionated into
solutle and membrane fractions, and the location of the putative TraM and Tra)
‘proteins was determined by SDS-PAGE. The 10.9 kDa protein was found to be
associated with the soluble cytoplasmic fraction while the 15.3 kDa band was found

with the membrane fraction.

An SDS polyacrylamide gel of cell extracts was stained with Coomassie blue
and the proteins of apparent molecular weights of 10,900 and 15,300 were electro-
eluted according to the method of Hunkapiller et al. (1983). The amino acid
composition and N-terminal sequence of the first 5 residues of each protein was

determined and was in agreement with the predicted composition and sequence of
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Figure II. 2

Autoradiography of an SDS gel of cells labeled with 3_58-methionine expressing
TraM and Tral proteins. 1; Control, pGP1-2 and pT7-3. 2; pGP1-2 and pLDL002.
Molecular'weight standards in kilodaltons are indicated on the left. M and J mark the

positions of the 10.9 and 15.3 kilodaltons proteins, respectively.



TraM and Tral. Thus, the 10.9 kDa and 15.3 kDa proteins were considered to be
TraM and Tral, respectively.

4. Immunological characterization of TraM and TraJ proteins

The electro-eluted TraM protein was also used to raise antibodies in rabbits as
described in Experimental Procedures. The location of TraM in cells carrying the
plasmid pED208 as well as the wild type plasmid Folac was determined by
immunoblots of cells fractionated into cytoplasmic and periplasmic fractions and
inner and outer membranes as described in Experimental Procedures. The proteins
were separated on duplicate 15% SDS acrylamide gels and one was stained while the
other was electrophoretically transferred to nitroceliulose. The immunoblot was
treated with anti-TraM antiserum diluted 100-fold (Fig. I1. 3). The TraM protein was
found predominantly in the cytoplasm with smaller amounts in the periplasm and
inner membrane. The periplasmic fraction was slightly contaminated with
cytoplasmic proteins and the presence of TraM in the periplasm could be due to
leakage from the cytoplasm during preparation. The presence of TraM protein in the
inner membrane could represent a real association of TraM with one or more cellular
or transfer proteins expressed by the plasmid. The anti-TraM antibodies reacted with
unknown material of low molecular weight in the outer membrane which was also

present in control samples prepared from plasmid free cells (data not shown).

5. TraM protein purification
In order to purify the TraM protein, the Dral fragment between nucleotides 369
and 839, containing the traM gene, was subcloned into the expression vector pT7-4

(pLDLO005). Two liters of E. coli JC3272 carrying pGP1-2 and pLDL005 were
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Figure II. 3

Localization of TraM protein in E. coli JC3272/pED208. Cellular fractions were
prepared as described in Experimental Procedures. Approximately 30 pg of protein
from each fraction were separated by SDS-PAGE. A. Coomassie blue staired gel.
B. Immunoblot of a duplicate gel using anti-TraM antiserum. The molecular weight
standards in kilodaltons are marked on the left and the position of TraM (M) is
marked on the right. p, periplasm; ¢, cytoplasm; i, inner; and 0, outer membrane

fractions.
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grown to an optical density of 1.1 at 600 nm and were incubated for a period of 150
minutes. The cells were passed through a French press twice and fractionated into
soluble and membrane fractions (fraction I and II respectively). The TraM protein
was purified from fraction I as described in Experimental Procedures and was
monitored by SDS-PAGE followed by Coomassie blue staining (Fig. I1. 4). When
silver staining of a duplicate gel containing 5 ug of fraction V was performed, no

extra bands appeared beside TraM (data not shown).

6. DNA electrophoretic mobility retardation assays

The ability of the TraM protein to bind to the oriT region of pED208 was
determined using DNA electrophoretic mobility retardation assays. 32P-labeled DNA
fragments of various sizes were treated briefly wiih purified TraM and separated on
5% non-denaturing polyacrylamide gels. When the 370 bp EcoRI-Dral fragment,
containing the whole oriT region was used, a broad band of dec;easing mobility was
observed on the gel as the concentration of pure TraM increased (Fig. 1I. 5). The
DNA-protein complexes resolved into a sharp band of high molecular weight at
high TraM concentrations. We were not able to detect DNA in both the bound and

unbound state in the same sample.

7. DNA footprinting of the oriT region with TraM protein

DNase I protection experiments were performed using a variety of 32P-labeled
DNA fragments derived from the oriT region of pED208 in order to assess the exact
position of TraM protein binding. When the 189 bp EcoRI-Taql fragment from
pLDL101 was pretreated with TraM-containing crude extract, subjected to limited

digestion by DNase I, and electrophoresed on a 12% sequencing gel, a single large
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Figure II. 4

SDS-polyacrylamide gel (15%) electrophoresis of samples taken from the steps in
the purification of TraM and stained with Coomassie blue. Lane I, 12.8 ug of
sbluble fraction (fraction I) ; lane 1I, 10 pug of crude membrane (fraction II); lane I1I,
11.2 pg of 50% ammonium sulfate (fraction I1I); lane 1V, 5 ug of the peak eluted
from the FPLC anionl exchange column (fraction 1V); lane V, 1 pg of the material
eluted from the DNA-cellulose column (fraction V), St, molecular weight standards

in kilodaltons,
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Figure II. 5
Binding of TraM protein to the oriT region. 2.70 fmol of the 32p_1abeled 370 bp
EcoRI-Dral fragment from pLDL101 was incubated with increasing amounts of
purified TraM protein, in the presence of 1 ug of competitor DNA as described in
Experimental Procedures. Lane 1 represents the free fragment. Lanes 2-11; Lane 1
with 1.5 ng, 3.0 ng, 9.0 ng, 21.0 ng, 30 ng, 90 ng, 0.2 ug, 1.5 ug, 3 pug, 9 ug, of
purified TraM respectively.
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footprint was obtained from positions 151 to the Tagl site at position 189 (Fig. IL. 6,
left panel). This suggested that there was no binding site for TraM in the first 150
base pairs. Overexposure of the gel revealed bands between the Hinfl-like sequences
which occur at positions 153, 164, 175 and 186. An exception was the presence of a
footprint cov ering the sequence AAAGGAG at positions 182-188. Thus, the large
footprint could be broken down into many small footprints, each corresponding to a
Hinfl-like sequence with an extra binding site for TraM or another protein at position
182-188. Crude extracts containing no TraM protein did not give a footprint at this
positibn suggesting that the footprint was caused by TraM or some cellular protein

acting in the presence of TraM.

In subsequent experiments, using either the EcoRI-Hindlll fragment (data not
shown) or tthspl-HindIIffragmcnt (Fig. 1L. 6, right panel), both from pLDL101,
crude extracts containing the TraM protein protected three regions in the oriT
sequence. The most prominént footprint (I) was found to cover the inverted repeat
thvat started at position 232, followed by a footprint (1I) covering the two direct
repeats at positions 152 and 197 and a third footprint (III) was observed in the
region from 296 to 357 (Fig. Il. 6). TraM protein appeared to bind to the footprints
in the order 1, II, III as increasing amounts of TraM were used (data not shown).
The boundaries of the footprints were difficult to determine because DNase I has a
preference for GC base pairs while this region is AT rich. However, if a number of
gels were examihed after lehgthy exposures to X-ray film, smaller footprints

corresponding to all the Hinfl-like sites except the one at position 280 could be seen.

58



Figure II. 6
DNase I protection of the oriT region in the presence of TraM. Left: the 32P-labeled
EcoRI-HindIil fragment from pLDL102 containing the 189 bp EcoRI- Tagl fragment,
labeled at the 3'-end, in the presence of increasing amounts of crude extract
containing TraM (Lanes 1-4; 0, 6.5, 13 and 32.5 pg of crude extrict). Taql indicates
the position of the Tagql site at position 189. * indicates the position of Hinfl-like
sites; (*) indicates a fortuitous Hinfl site (GAGTC) that arose from the cloning
procedure. Right: the 32P-labeled Sspl-HindlI1 fragment from pLDL100, labeled at
the 3' end, incubated with 18 and 27 pg of control crude extract over-expressing
PT7-3 (lane 4 and 5), and 9, 18 and 27 pg of crude extract over-expressing the TraM
protein (lanes 6 - 7 and 8) as described in Experimental Procedures. Lanes 1 and 2
are G+A and G sequencing reactions. Lane 3 is the DNA fragment incubated with
DNase I in the absence of protein extracts. * indicates the position of the 16 HinfI-
like sites in the fragment. The Roman numerals indicate the position of the three large

footprints as discussed in the text.
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Figure II. 6 (right panel) also includes a control experiment performed using a cell
extract containing pT7-3 instead of pLDL002. No footprint was obtained,
suggesting that no cellular proteins bound the oriT region in the absence of the

pED208 plasmid.

DNA footprinting experiments performed on the oriT region with purified
TraM showed three protected regions delimited by hypersensitive sites. These
regions were almost identical to the ones lound using crude extract of cells over-
expressing TraM protein. The main difference between the two sets of experiments
was the presence of hypersensitive sites within region 11 and HI at positions 180,
317, 329 (Fig. 11. 7) and the lack of protection for the sequence AAAGGAG at
position 182-188.

The onT region is characterized by the presence of 14 Hinfl sites, 12 with the
sequence GAA/TTC. Another two imperfect Hinfl-like sequences, with a one non-
conserved base can also be found in the sequence from positions 153 to 355 (Fig.
1L i). All of these sites, except the one at 280, bound TraM protein. Analysis of the
spacing of these sequences showed that most of them oceur at 11-12 bp intervals or
multiples thereof (Fig. II. 8). The inverted repeat (footprint l) contained two
overlapping repeats 12 base pairs apart while footprint HI (traM promoter region)
contained these sequences at a distance of 11 and 21-22 base pairs apart. If the
binding site has the sequence GATTC, then TraM would bind to both strands of the
DNA in a scattered fashion. However, if the binding site has the sequence GANTC,
then TraM pretein would bind to as many as 30 sites on the DNA and the entire

region would be coated with TraM protein.
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Figure Ii. 7
DNase I protection of the oriT region in the presence of purified TraM. 32P- labeled
BamHI-Kpnl fragment from pLDL108, containing the 253 bp SSpl-Dral fragment,
labeled at the 3' end, incubated with increasing amounts of purified TraM (lanes 4 to
12 contain between 0.15-15 pg of protein). Lane 3, DNA fragment digested with
DNase I in the absence of protein; lanes 1 and 2, G+A and G sequencing reactions. *
indicates the positions of the Hinfl-like sites. The arrows indicate the hypersensitive
sites at position 180, 317 and 329. Hypersensitive regions (h) are marked by dashed
lines whereas the protected regions are bracketed and numbered with Roman
numerals as discussed in the text. The first 50 bp of the DNA were run off in order to
have a better resolution of footprints I and I1. A 12% sequencing gel of the same
reactions was run to determine the boundaries of footpriht II1, which corresponded to

the ones in Figure II. 6.
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Figure II. 8

Summury of the interactions between TraM protein and the 151-360 bp region of

oriT of pED208. The Hinfl-like sites in the oriT region are underlined and the

spacing between them is indicated by brackets. The direct and inverted repeats are

marked with arrows. The regions protected by TraM during DNase I footprinting are

indicated by striped boxes. The hypersensitive sites are marked by arrowheads and

the pértially protected region bétween them is indicated with a dotted box.



D. Discussion

The pED208 plasmid is a serendipitous mutant of an F-like plasmid, Fylac,
which confers multipiliation on its host and has its oriT region separated from the
bulk of the transfer region by an IS2 element. The organization of its genes and the
sequence of the genes studied to date show that it is homologous to the paradigmatic
IncF plasmid, F. This includes the oriT region described in this Chapter. Because of
the property of multipiliation, the odds of observing transfer-related processes are
greatly enhanced because of a larger concentration of pilus-associated proteins. A
derepressed mutant of Folac isolated in the laboratory of Dr. Paranchych (data not
shown) produccd 5-6 pilifcell which is within the normal range for F-like plasmids

(Frost et al., 1985).

The sequence presented here contains two prominent open reading frames
which has homology to the TraM and TraJ proteins of other F-like plasmids. Their
identity was confirmed by amino acid analysis and amino-terminal sequencing.
When over-expressed from pLDL0(2, TraM was found in the soluble fraction while
TraJ was found in the insoluble membrane fraction, allowing easy separation of the
two proteins. Immunoblots of cells carrying pED208 or Fylac indicated that TraM
was found in the cytoplasm and inner membrane, which is consistent with its
proposed role as a signalling protein in the initiation of transfer. Preliminary results
suggested that TraJ was also found in the cytoplasm and membrane which may
suggest a role for it as a sensor/regulator protein analogous to the "t'wo component”
regulatory systems (Ronson et al., 1987) which sense changes in environmental

conditions. However, the F-like TraJ proteins have no obvious sequence homology
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to this class of proteins. Cuozzo and Silverman (1986) demonstrated that the F TraJ
protein, when expressed from the single copy F plasmid, was located in the
cytoplasm and that over-expression from multi-copy plasmids or expression vectors
caused it to aggregate into an insoluble mass which associated with the membrane.
Either the pED208 Tral protein, when expressed at normal levels, is extremely
insoluble, or it acts in a different manner than the F TralJ protein. Efforts to
demonstrate DNA binding of TraJ protein to fragments derived from the traJto traY
region (transfer operon promoter region) were unsuccessful and the mode of Tral

action remains elusive.

Electrophoretic mobility retardation assays using purified TraM protein
incubated with a fragment containing the whole oriT region suggested that the
binding of TraM to oriT was nonco-operative and that the TraM/oriT complex
underwent exchange between binding sites during electrophoresis giving diffuse
bands. Unlike other known DNA binding proteins, increasing concentrations of
TraM do not bind to DNA fragments to give discreet steps representing the ordered
loading of the binding sites. The anomalous mobility of DNA-protein complexes
could be due to the bending of the DNA, rather than to the increased molecular
weight of the complex compared to the free fragment. TraM binding at the oriT
region occurs without marked changes in the DNA structure, as observed by
electron microscopy (data not shown), and binding appears to be a gradual loading
of many sites with similar affinity creating an heterogeneous mixture of complexes.

The heterogeneity is lost once all the sites are bound.



The proposed site for TraM binding is ditferent in sequence from those of other F-
like plasmids (Finlay et al., 1986b). However, R1 has five Hinfl sites evenly
arranged in its proposed TraM protein binding region. pED208 TraM was found to
bind weakly and in a competitor-sensitive manner to a fragment derived from the R1
oriT region but did not bind at all to a comparative fragment containing the F oriT
region (data not shown). This suggests that pED208 and R1 may have evolved from

a common ancestor with a similar saM/oriT locus.

DNA footprinting experiments showed that TraM protein binds to three
principal regions in the oriT region, the inverted and direct repeats from positions
150 to 270 and the raM promoter region from positions 300 to 360 which included
all the Hinfl-like sites except one at position 28(). Regions 11 and 11] are divided into
four subregions by the hypersensitive sites (see Fig. 1I. 8) containing three, four,
two and two Hinfl-like sites, respectively. The difference between the footprints
using pure TraM protein and crude extracts containing over-expressed TraM are
striking in that the hypersensitive sites are not found using the crude extract.
Similarly, there is an extra footprint at position 182-188 with crude extracts of TraM
which is not present with the pure TraM protein nor with the control crude extract.
This suggests that the TraM/oriT complex may induce binding of other host
proteins, which cannot bind in the absence of TraM, and protect the DNA from

hypersensitive attack by DNase 1.

If the consensus sequence for TraM protein binding is GANTC, then TraM protein
could bind up to 30 times in the oriT region. There is a half turn incorporated into

the inverted repeat (two overlapping 12 base pair repeats, see Figure II. 8) which
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would allow TraM to bind both sides of the DNA either simultaneously or
alternatively. The significance of this knot of TraM molecules within 22 bp of

sequence (positions 240-261) is not readily apparent at this time.

We are currently investigating the natre of the association of the TraM protein

with the inner membrane, be it alone or in a complex with other transfer and cellular

proteins. Preliminary evidence suggests that the TraM protein alone sediments asa

tetramer in sucrose gradients, while from cell extracts of pED20R it sediments as a
large complex, suggesting its association with other proteis:s or DNA within the cell.
The region that binds TraM protein is the last portics of the plasmid to enter the
recipient cell (reviewed in Willetts and Skurray, 1986) and the potentially large
number of TraM molecules bound to the DNA could resemble a knot on the end of a
string and could be part of the signal that one round of plasmid transfer is complete.
Also, the finding that TraM binds to its own promoter region, assuming that there is
a traM promoter between oriT and traM, is intriguing and suggests that it may

regulate its own expression.
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CHAPTER 111

The TraM Protein of the Conjugative Plasmid pED208

Recognizes a Sequence with Dyad Symmetry
A. Introduction

The mechanism of iritiation of DNA transfer during bacterial conjugation is
beginning to be elucidated. The oriT region is the site of action of the nicking
complex TraYI (Inamoto et al., 1991; Matson and Mortor, 1991; Reygers et al.,
1991), the host factor IHF (Inamoto et al., 1990; Tsai et al., 1990; Dempsey and
Fee, 1990) and the putative signal protein TraM (Abo et al, 1991; Schwab et al.,
1991; Chapter II). Genetic studies showed that TraM is essential for transfer but
dispensable for nicking at oriT or pilus synthesis (Everett and Willetts, 1980).
Therefore, TraM has been postulated to signal that a stable mating pair has formed

and DNA transfer to the recipient cell can start (Kingsman and Willetts, 1978).

TraM from the conjugative plasmid pED208, the derepressed form of the
IncFV plasmid Fylac, binds to three sites in the oriT region characterized by 16
Hinfl-like sites of sequence GANTC, spaced 11-12 base pair (bp) apart or multiples
thereof (Fig. 1H. 1). All of these sites except one (nucleotides 280-284) were
protected from DNase I digestion as shown in Chapter II; it was proposed that the
Hinfl-like sites were either the actual TraM binding sites or an integral part of the
binding sites. To elucidate the role of these sites in the interaction of TraM with the

oriT region, a series of oligonucleotides containing the Hinfl sites GATTC and/or
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GAATC in different combinations and with different spacing were synthesized, and

their interactions with TraM were examined.
B. Experimental Procedures

1. Oligonucleotide synthesis

Synthetic oligonucleotides corresponding to the sequences shown in Table IIL
1 were synthesized on an Applied Biosysten: DNA synthesizer (Mod. 391EP) by
Pat Murray in the DNA synthesis facility (Dr. Ken Roy's laboratory) in the
Department of Microbiology and purified by denaturing polyacrylamide gel
electrophoresis and electroelution. The 22mer and 23mer oligonucleotides in Table
HI. 1 were designed such that after hybridization there would be a two-nucleotide

single-stranded tail of CG on each 5' end.

2. Preparation of labeled oligonucleotides

The oligonucleotides were labeled at the S' end as follows: 0.3 OD9gp of DNA
was resuspended into S l of 10x polynucleotide kinase buffer (S00 mM Tris-HCI
pH 7.6, 100 mM MgCla, 50 mM dithiothreitol, 1 mM spermidine, 1 mM disodium
EDTA) plus 10 pl of ¥{32P]-ATP (Dupont, Lachiné, Quebec, Canada) and 35 ul of
glass distilled water. One unit of T4 polynucleotide kinase was added and the
mixture was incubated at 37°C for 45 min; the enzyme was inactivated by incubation
at 65°C for 10 min and the labeled DNA was separated from the unincorporated
label by means of reverse chromatography using Sep-pak Cig cartridges (Waters
Associates, Milford, MA). The cartridges were conditioned with 10 ml of

acetonitrile, and equilibrated with glass distilled water before loading the kinase



mixture which had been diluted 10 1 m! with 10 mM Tris-HCl, 1 mM disodium
EDTA pH 8.0 (TE buffer). The cartridges were then washed with 25 mM
ammonium bicarbonate, followed by 25 mM ammonium bicarbonate in 5%
acetonitrile, followed by 5% acetonitrile. The labeled DNA was eluted with four 200
ul aliquots of 30% acetonirrile. The samples coataining the largest amount of
radioactivity were dried, resuspended in 20 pl each of TE buffer and pooled. The
final volume of the labeled DNA was brought to 100 pl.

3. Preparation of double-stranded oligonucleotides

Preparation of the double-stranded species was performed as follows: equal
amounts of the complementary synthetic oligonucleotides were mixed together in
DNase I footprinting buffer (25 mM HEPES pH 7.8, 50 mM KCl, 0.5 mM DTT,
0.05 mM EDTA, 5% glycerol, 0.5 mM phenylmethylsulphony! fluoride (PMSF))
and incubated for 30 minutes at 95°C. The incubator was then shut off and the
mixture was allowed to cool to room temperature. The double-stranded DNA was
then used for t4e DNA electrophoretic mobility retardation assays either as a labeled
substrate for TraM binding or as a non-labeled competitor. The concentrations of
oligonucleotides used were determined using the Beer and L.ambert law: Absagg=tic,
where ¢ is the molar extinction coefficent calculated from the nucleotide composition
and equal to 10768 and 10813 cm"IM-1 for the 22- and 23-nucleotide long primers,
respectively; 1 is the pathlength of the cell and is equal to 1 cm, and ¢ is the molar

concentration.
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4. Electrophoretic mobility retardation assay

The DNA-protein complexes were analysed using the method described in
Chapter IL. The 32P radioactively labeled DNA was used for the electrophoretic
mobility retardation assays and the DNA-protein complexes were separated on 5%
or 12% non-denaturing polyacrylamide gels. Electrophoresis was performed at 20
mA at room temperature. The dried gels were exposed to X-ray film with

intensifying screens (Eastman Kodak Co, Rocheste:, NY) at -70°C.

5. Circular dichroism

Circular dichroism (CD) measurements were carried out by Kim Oikawa in the
laboratory of Dr. C. Kay on a Jasco J-720 spectropolarimeter (Jasco Inc., Easton,
MD) interfaced to an Epson Equity 386/25 and controlled by Jasco software
according to the protocol in Chapter V. Protein concentrations ranged from 0.5 to
0.7 mg ml-!, DNA concentrations ranged from 0.5 to 1.0 mg mi-! and the
complexes ranged from 0.6 to 0.8 mg ml-. The mean residue weight for TraM was
116.024 (determined from the amino acid sequence reported in Chapter I); for DNA
it was 304.545, and appropriate values for the complexes were applied. The unit for

molar ellipticity was degree centimeter squared per decimole.

C. Results

1. Choice of synthetic oligonucleotides
In Chapter II, the regions protected by TraM from DNase I digestion were
called footprints I, I and II1. In this Chapter the nomenclature introduced by Abo et

al. (1991) was adopted, and the sites were renamed sbmA, sbmB and sbmC,
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respectively, where sbm stands for sit of specific binding of the TraM protein. The
linear map of the oriT region of pED208 and the sequence of the TraM binding sites

are shown in Figure III. 1.

The first sequence to be recognized by TraM, sbmA, contains 4 HinfT sites
(recognition sequence GANTC) spaced, in pairs, 12 bases apart, whereas the sbmB
sequence contains 6 Hinfl sites plus one site with a non conserved base (Fig. I1I. 1,
underlined with a broken line), which are spaced 11 bases apart with the exception
of three sites that are spaced 12 and 7 bases apart (Fig. IIL. 1). The sbmC site
contains three HinfT sites and two sites with one non conserved base which are
spaced 11 bases apart except for the second and third sites and the fourth and the
fifth sites which are 22 and 9 bases apart, respectively. Note that the second last

Hinfl-like site (GACTA) in sbmC was not identified in the previous Chapter.

The sequences GATTC and GAATC are present in these regions 11 times in

16 sites, making them ideal candidates for the binding sites of TraM.

In addition to the binding studies with TraM and natural oriT DNA sequences
presented in Chapter 11, synthetic oligonucleotides containing one or two Hinfl sites
spaced 11 or 12 bases apart »ere synthesized for use in binding studies and their
sequences are shown in Table II1. 1. The sequence between the Hinfl-like sites in
the oriT region (Fig. II1. 1) appeared to be non-specific, thus the sequence between
the Hinfl sites in the synthetic DNA was arbitrarily chosen to be ATCGAT,
corresponding to the reseriction site Clal. Because of the self-complementary nature

of the sequence of one of the 22 nucleotide long oligonucleotides (template T-A,
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Figure III. 1
Linear map of the oriT region of the conjugative plasmid pED208 and nucleotide
sequence of the TraM binding sites. Top: a linear map of the EcoRI/Pst fragment
containing the EcoRI/Sau3A fragment from the oriT region. The thick bar represents
the Sau3A/Pstl fragment from the multiple cloning site of the vector pUC18
(Yanisch-Perron et al., 1985). The regions protected by TraM from DNase I
digestion are shown by the striped boxes and are named according to the
nomenclature introduced by Abo et al. (1991). The arrowheads and the dotted box
within sbmC represent the hypersensitive sites and a region of partial protection
respectively as discussed in Chapter II. Bottom: the sequence of the three TraM
footprints is reported andv is based on the data presented in Chapter II. The Hinfl sites
are underlined with a continuous line whereas the sequences with one non-identical
base are underlined with a broken line. The dista,nce.between neighboring sites is

shown.
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Table III. 1

Synthetic oligonucleotide sequences

Oligo* Sequence (5'-3")

A GATGAATCGTCG

T CGACGATTCATC

T-A CGACGATTCATCGATGAATCGT
T-T CGACGATTCATCGATGATTCGT
A-A CGACGAATCATCGATGAATCGT
T-T-T CGACGATTCTATCGATGATTCGT
AA-A CGACGAATCATCGATAGAATCGT

* For easy identification, the oligonucleotides were named according to the nature of
the nucleotide at position 3 in the Hinfl site, i.e., primers containing the sequence
GAATC were named A, whereas primers containing the sequence GATTC were
named T,

The double-stranded forms of the oligonucleotides are as follows:

T/A duplex: SGATGAATCGTCGY
3CTACTTAGCAGCY
T-A duplex: 5CGACGATTCATCGATGAATCGT?

3TGCTAAGTAGCTACTTAGCAGCS

T-T/A-A duplex: SCGACGATTCATCGATGATTCGTY
ITGCTAAGTAGCTACTAAGCAGCS

T-T-T/A-A-A duplex: SCGACGATTCTATCGATGATTCGT3'
3TGCTAAGATAGCTACTTAGCAGCS




Table III. 1), only three primers were synthesized. The 3-nucleotide long
oligonucleotides were obtained by addition of either one extra T residue between the
5' end Hinfl site and the Clal site in the T-T-T oligonucleotide, or one extra A
residue between the Clal site and the 3' end Hinfl site in the A-A-A oligonucleotide

(underlined in Table IIL. 1).

2. DNA eclectrophoretic mobility retardation assays

The labeled oligonucleotides were incubated with purified TraM protein in
order to determine the minimal binding sequence recognized by the protein. Sucrose
gradient studies (Chapter V) had indicated a molecular weight for TraM of
approximately 60,000, suggesting that the protein is a tetramer. Thus a molecular
weight of 58,000 (4x14,500) was adopted and the amounts of TraM used in the
following experiments were calculated according to this value. When purified TraM
was incubated with primers A and T, either as single- or double-stranded DNA, no
binding was detected at high TraM concentrations (data not shown). TraM did not
except for oligonucleotide T-T; a constant amount of the oligonucleotide showed
lower electrophoretic mobility when incubated with TraM over a wide range of
protein concentrations (Fig. III. 2). Electrophoretic mobility retardation assays of the
double-stranded form of the longer primers showed binding of TraM o all of the
oligonucleotides at a molar ratio of protein to DNA of approximately 2:1 (Fig. IIL

3). Thus TraM recognizes two Hinfl sites spaced 11 or 12 bases apart.

84



ss T-T J

dsDNA

ssDNA

TraM T
(pmol) - 23 23 23 230

Figure III. 2
Binding of TraM to the single-stranded oiigonucleotide T-T. Two pmol of 32P-
labeled DNA were incubated with ipcreasing amounts of TraM as shown in the box
a¢ the bottom of the Figure. The mobility of single- and double-stranded DNA, as
well as that of bound DNA is indicated. | '
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3. Competition assays
" In order to elucidate which of the oli gonucleotides was specific for the DNA-
binding domain of TraM, electrophoretic mobility retardation assays of labeled

oligonucleotides were performed in the presence of the unlabeled oligonucleotides.

~ Competition assays were performed using the oligonucleotides in double-
stranded form as shoWn in Figure III. 4. The molar ratios of protein to labeled
synthetic DNA were approximately 4:1 (T-A duplex and T-T-T/A-A-A) and 2:1 (T-
T/A-A). Oligonucleotide T-T/A-A duplex inhibited binding of TraM to template T-
T-T/A-A-A at very low concentratiéns (Fig. I11. 4, right panel, lane 1) and the same
template inhibited binding of TraM to template T-A duplex at high concentration
(Fig. I1L. 4, left panel, lane 4). Even at high concentration, oligonucleotide T-T-
T/A-A-A was an inefficient inhibitor of TraM binding to the oligonucleotide T-

T/A-A (Fig. I11. 4, central panel, lane 4).

The oligonucleotides were also used in competition assays with DNA

fragments from the oriT region’ of pED208.

The radioactively labeled EcoRI1/Pstl fragment from pLDL101 (Chapter II,
page 49), containing the three TraM binding sites (Fig. III. 1), was incubated with
-~ TraM in the absence or presence of in'creasing amounts of the single-stranded
oligonucleotide T-T. Complete inhibition of binding of the protein to the oriT region
‘ af a molar ratio df protein toisynthctic DNA of approximately 1:4 was observed,
suggesting specific interaction of TraM with the synthetic single-stranded DNA (data

not shown).
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The labeled DNA fragment containing the oriT region was incubated with quantities
of TraM that saturated the binding sites in the oriT region (Fig. IIL. 5, lane 3) in the
presence of double-stranded oligonucleotides. Both oligonucleotides T-A duplex
and T-T/A-A duplex were able to inhibit binding of TraM to the labeled oriT region
(Fig. 1II. 5, lanes 6 and 9), where oligonucleotide T-T/A-A was capable of
inhibiting binding of TraM to the oriT region at a lower concentration compared to
oligonucleotide T-A duplex (compare Fig. IlI. 5, lanes 5 and 7). While
oligonucleotide T-T-T/A-A-A duplex could inhibit binding at lower concentrations
of TraM (Fig. IIL. 5, lane 10) and it was partially effective at high protein
‘concentrations (Fig. I11. 5, lané 12). This suggested that TraM has high affinity for
doublc-stranded oligonucleotides carrying two Hinfl sites 11 bases apart. A

summary of the results of the binding studies is presented in Table II1. 2.

4. Circular dichroism

Circular dichroism (CD) has been used as a sensitive probe for determining the
secondaty structure of macrornolecules. It is based on the ability of asymmetric
moleéules to rotate the plane of polarized light. Two types of information can be
derived from the ultra-violet CD spectra of proteins: a) the secondary structural
content of the molecule and b} the conformation of the environment of surrounding
aromatic groups. Thé effect of secondary structures is more prominent in the far
‘UV-CD spectra (190-250 nm), whereas the aromatic residues primarily affect the
near UV-CD spectm‘ (250320 nm) For a more detailed characterization of TraM see
Chapter V. CD can be used to characterize DNA-protein interactions; in particular,

CD is sensitive to conformational changes upon complex formation. Circular

dichroism studies of TraM incubated in the presence of either single-stranded
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Table III. 2
Summary of the interactions of TraM with the different
oligonucleotides
Oligonucleotide Sequence (5'-3") TraM
binding
A GATGAATCGTCG --
T CGACGATTCATC --
T-A CGACGATTCATCGATGAATCGT -~
T-T CGACGATTCATCGATGATTCGT +
A-A CGACGAATCATCGATGAATCGT --
T-T-T CGACGATTCTATCGATGATTCGT --
A-A-A CGACGAATCATCGATAGAATCGT --
A/T duplex --
T-A duplex +++
T-T/A-A duplex Pt
T-T-T/A-A-A duplex ++
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oligonucleotide T-T or double-stranded oligonucleotide T-T/A-A were performed

as described in the Experimental Procedures.

The molar ratio of protein to single-stranded template was 1:0.96, 1:1.92,
1:2.66 and 1:3.84. Figure III. 6 shows the spectra of only two of these experiments
as well as the spectra of the single components. The CD difference spectra (A-
spectra) (Fig. III. 6, bottom graph) were determined by subtracting the spectra
obtained by summation of the values of the ellipticity of each component of the
complex at any given waveleagth (calculated spectra) from the experimentally
observed spectra. The CD spectra of the mixture of TraM incubated with the double-
stranded oligonucleotide T-T/A-A were determined at a molar ratio of protein to
DNA of 1:0.52, 1:1.03, 1:1.56 and 1:2.07. Figure IIl. 7 shows the spectra of TraM
and double-stranded DNA, and the spectra of two of the protein-DNA complexes, as

well as their corresponding A-spectra (Fig. III. 7, bottom graph).

The o-helical band at 220 nm of the protein-DNA mixtures showed increased
negative ellipticity compared to the ellipticity of the protein alone (-22,470). This

was contrary to the expected result, since the calculated spectra for non-interacting

“components, obtained by simple graphical summation of the ellipticities of each

component, would have been higher (smaller absolute value) due to the positive
ellipticity of the DNA in this range of wavelengths (DNA is a right-handed helix)
(Fig. III. 6 and 7) as shown in Table III. 3. The negative ellipticity of the DNA-
protein complexes increased linearly as the concentration of oligonucleotides

increased, reaching saturation at 2 molar ratio of protein to DNA of approximately
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Figure III. 6
CD spectra of the interaction of TraM with the single-stranded oligonucleotide T-T.
The molar ratios of protein to DNA were (a) 1: 0.96 and (b) 1: 3.84 in both plots.
Top: CD spectra of the pretcin incubated with the single-stranded oligonucleotide.
The CD spectra of the protein alone as well as of the DNA are indicated. Bottom:
difference spectrum (A-spectrum) of the protein incubated with the single-stranded

oligonucleotide T-T.
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Figure III. 7
CD spectra of the interaction of TraM with the double-stranded oligonucleotide T-
T/A-A. The molar ratios of protein to DNA were (a) 1: 0.52 and (b) 1: 2.07 in both
plots. Top: CD spectra of the protein incubated with the double-stranded
oligonucleotide. The CD spectra of the protein alone as well as of the double-stranded
DNA are indicated. Bottom: difference spectrum (A-spectrum) of the protein

incubated with the double-stranded oligonucleotide T-T/A-A.
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Table III. 3

Ellipticity values of DNA-protein complexes at 220 nm

{6) observed C) calculated A-(6)

TraM -22,470

sSDNA* +11,220

dsDNA* -65

TraM: ssDNA

1:0.96 -23,780 -19,140 -4,640
1:1.92 -24,610 -16,410 -8,200
1:2.66 -24,770 -13,460 -11,310
1:3.84 -25,070 -12,200 -12,870
TraM: dsDNA

1:0.52 -22,750 -18,820 -3,930
1:1.03 -23,890 -17,060 -6,830
1:1.56 -23,930 -15,550 -8,380
1:2.07 -23,420 -14,520 -8,900

*ssDNA indicates the single-stranded oligonucleotide T-T, whereas dsDNA

indicates the double-stranded oligonucleotide T-T/A-A.
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1:2.07. These results suggest the presence of a conformational transition upon

interaction of the protein and the DNA.
D. Discussion

Seven single-stranded oligonucleotides and the four double-stranded molecules
derived from their annealing reactions were analyzed for their ability to be

recognized by TraM of pED208.

The protein favours the double-stranded oligonucleotide that had two copies of
thé Hinfl site 11 or 12 bases apart over the oligonucleotides with one Hinfl site.
This is consistent with the results from DNasel protection of the oriT region shown
in Chapter II. TraM protects all the Hinfl-like sites in the region except one that does
not have a "partner” at a correct distance. Furthermore, the spacing between the two
Hinfl sites is important,‘since the protein prefers the oligonucleotides that have the
Hinfl sites 11 bases apart. The extra base in oligonucleotides T-T-T/A-A-A adds a
rotatipn of 34°-36° to the two sequences relative to their positions in the DNA helix,
which places the Hinf sites out of phase resulting in a lower afﬁnity of TraM for the
oligonuéleotide T-T-T/A-A-A. Such results contrast with what is seen in the oriT
region, where TraM binds first to the sbmA site which has two pairs of Hinfl sites
12_ bp apaft. Itis possiﬁle that the high affinity of TraM for sbmaA is the result of the
unique arrangement of the two binding sites within sbmA which are overlapping
(Fig. II1. 1). Another possibiiity is that the sequehces around sbmA alter the
cbnfoxmation of the DNA or contribhte to the interaction of TraM with this site.

However, protein flexibility rather thari conformational changes in the structure of



the DNA has been proposed to explain binding of proteins to oligonucleotides with
dyad symmetry that have one extra base in between the symmetrical sequences

(Weiss et al., 1990; Sadler et al., 1983).

TraM also shows some affinity for the single-stranded form of T-T. The
reasons for such interactions are not known. It is possible that the oligonucleotide
may form double-stranded structures, although bands of electrophoretic mobility

corresponding to double-stranded DNA were not detected.

The competition assays showed that both the single- and the double-stranded
form of the oligonucleotides containing two GATTC sequences 11 bases apart, can
effectively compete with the binding of TraM to the oriT region, suggesting that

these oligonucleotides may represent the optimal TraM binding site.

Circular dichroism performed on the complexes between TraM and the
oligonucleotides showed a conformational transition. It is very difficult to assign the
changes observed in the CD spectra to either one of the two componehts of the
complex. In many different DNA-binding protein systems, such as the yeast
transcriptional activator GCN4 (Weiss et al., 1990; Talanian et al., 1990), the DNA
binding domain of the "leucine zipper" family (O'Neil et al., 1990) and the
heterodimer of the proto-oncogene products Fos and Jun (Patel et al., 1990),
transition to higher negative ellipticity at 220 nm of protein-DNA complexes has
been‘ attributed to an increased a-helical content of the polypeptide upon binding the
DNA; according to this interpretation, TraM may have changed its a-helical content

in the complex. To test this hypothesis, the CD spectra of TraM in the presence of
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the strong helix-inducer trifluoroethanol (TFE) (50% v/v final concentration) were
performed. TFE is a highly polar molecule which perturbs the aqueous environment
surrounding polypeptides. As a result, the intrachain interactions of the residues are
stabilized and the proteins are believed to assume their maximum a-helical
conformation. The CD spectra of TraM in the presence of TFE shows increased
negative ellipticity comparable to that observed in the protein-DNA complex (data
not shown). However, an increase in negative ellipticity may also be explained by
changes in the quaternary structures of proteins, for example slight changes in the
relative orientation of two helices within the same polypeptide (Strynadka and
James, 1989) or rotation of side-chains may result in different ellipticity (Yang,
1965). Furthermore, changes in the conformation of the DNA molecule cannot be
excluded, since the A-spectra of the protein-DNA complexes in the near UV, which
is sensitive td the bases of the DNA and, to a lesser extent, to the aromatic residues

of the protein, shows appreciable variation.

The results obtained in this work suggest a mechanism for TraM binding to the
oriT region of pED208. TraM may bind to seven sites in the oriT region as
represented schematically in Figure II1. 8, interacting with the GA-TC nucleotides of
the bindihg sites. The reaSon for the apparent higher affinity of TraM for the
' oligonucleotides T-T/A-A over T-A duplex is presently unclear. One possible
'eiplahaﬁon is that maximum interactions between the protein and the synthetic DNA
are reached when position 3 of the oligonucleotide is occupied by a T residue. X-ray
crystallography of the TraM protein alone or in complex with the oligonucleotide
may clarify the paradox between the synthetic DNA data presented in this Chapter

and the DNase I protectioh imalysis of the oriT regioﬁ previously shown.
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sbmB AGATTCATATGCAAATCTTTAGTGAATCGTAAAGGAGTCGAATCCAGATTCATCTACGAATCAGACCA
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sbmA ATAAATTAAAGATTCGAATCTGGATTCGAATCCCTAATTTCGGT
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sbmC GTTGGTGAATCCAGACTGACTCTAATAARATAAATGGCCGATTCACATGTGACTATTGATAATC
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Figure III. 8
Model of TraM binding to the oriT region of pED208. The TraM protein is

represented by the striped box and the conserved nucleotides are circled.
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CHAPTER 1V

The TraM Protein of the Conjugative Plasmid F Binds to the Origin of
Transfer of the F and ColE1 Plasmids!

A. Introduction

In F and F-like plasmids there are more than 30 genes involved in conjugation
and they are organized in three major transcriptional units: tra¥, traJ and the traYl
operon (as reviewed in Ippen-Ihler, 1989; Willetts and Skurray, 1987). The origin
of transfer or oriT region of the F plasmid contains the nick site, which has been
remapped by Reygers et al. (1991), and is the site of action of the plasmid-encoded
Tral (Traxler and Minkley, 1988), TraY (Lahue and Matson, 1990) and TraM
proteins as well as Integration Host Factor, IHF (Tsai et al., 1990). The traM gene
product is thought to be involved in signalling the formation of a stable mating pair
and in the initiation of DNA transfer (Kingsman and Willetts, 1978). The ColE1
plasmid is a well known non-conjugative plasmid, whose origin of replication has
been used in molecular biology to create the most commonly employed plasmid
vectors such as pBR322 (Bolivar et al., 1977). This plasmid is mobilized efficiently
by conjugative plasmids belonging to the IncF, Incl and IncP groups (Willetts and
Wilkins, 1984). The mecharism by which this process occurs is not knowa, but

probably involves some of the tra functions.

1. A version of this chapter has been submiticd for publication. Di Laurenzio, L., Frost, L. S.,

and Paranchych W. Mol. Microbiology. 1992.
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It was shown in Chapter II that the traM gene product of the F-like plasmid pED208
is a DNA binding protein: the interaction of F TraM protein with the oriT regions of

F and ColE1 plasmids is investigated in this Chapter.
B. Experimental Procedures

1. Bacterial strains, media and plasmids
Bacterial strains used in this work are shown in Table IV.1. E. coli cells were
grown in Luria-Bertani medium supplemented accordingly with ampicillin to a final

concentration of 25 ug ml-1.

2. Cloning and over-expression of the #aM gene

The Dral fragment containing the traM gene (Fig. IV. 1) was cloned into the
Smal site within the multiple cloning site of pUC18 and the resulting plasmid was
called pLDLF7. The EcoRI/HindIlI fragment from pLDLF7 containing the traM
gene way cloned into the expression vector pT7-4 (Tabor and Richardson, 1985)
and named pLDLFO007. In order to over-express the traM gene product, E. coli
~ BL21(DES3) cells were transformed with pLDLF007. This E. coli strain carries the
T7 polymerase gene under the control of the pgsc promotef (Studier and Moffat,
1986). Qver-expression was achieved by addition of isopropyl-B-
thiogalactopyranoside (IPTG, Sigma Chemicals, St Louis, MO) (final concentration
2 mM) to 2 | of overnight grown cultures. Cells were réady for F-TraM protein

purification after 90 min incubation at 37°C.
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Table IV. 1.

Bacterial strain genotype Source/Reference
Escherichia coli
IC3272 lacSmSSpcrT6P1r Achtman et al., 1971
M176 JCFLO/JC3272 ibidem
BL21 F-hsdSgal Studier,W. F. and

Moffat, B. A., 1986
DH5a. endAhsdR 17(rx-rm+)supE thi-1recA

gyrArelAAlacU(¢980d/acZAM15) Sambrook et al., 1989




Plasmid
traM
Bglil ' > Bglll
9 . : — . ? pNY300
Dral  Taql Taql © .Dral
Bglll Tag|
:g i g pLDLF13
Dral Dral pLDLF7
' - ' pLDLF007
100 bp
—

Figure IV. 1
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Vector

puUC18

pUC18

puCis8
pT7-4

Linear map of the clones used in this Chapter. pN'Y300 is described in Frost et al.

(1989); pLDLF13 was created by cloning the Bglll/Taql fragment intb the

BamHI/Accl sites of pUC18; pLDLF7 was created by cloning the purified Dral

fragment into the Smal site of pUC18 and pLDLFO007 was created by subcloning

. the EcoRl/HindIII fragment from pLDLF7 into the EcoR1/HindII! sites of pT7-4.



3. TraM purification

Purification of the over-expressed protein was carried out as previously
deséribed (Chapter II) with the following modifications. Fractions from anion
exchange chromatography (FPLC MonoQ HR10/10) containing the TraM protein
were pooled and dialysed against 50 mM Tris-HCI (pH 8), 0.1 mM ethylenediamine
tetraacetic acid disodium salt (EDTA), 1 mM dithiothreitol (DTT) (TED buffer) and
concentrated 10 times using Microsep microconcentrators with a molecular cut-off of
10 kDa (Filtron, Northborough, MA). Two milliliter aliquots were applied to a five
milliliter bed volume column of Affi-Gel Blue (BioRad, Richmond, CA). The
column was washed with two bed volumes of TED bufter and stepwise elution was
performed using 5 ml of each of the following buffers: 0.5 M NaCl/TED, 0.8 M
NaClTED, 0.9 M NaCl/TED, 1.0 M NaCl{TED, 1.2 M NaClYTED, 2.0 M
NaClYTED and 4.0 M NaCl/TED. The purified protein was recovered from the 1.2
and 2.0 M NaCl/TED fractions. After extensive dialysis against 0.1 M NaCl/TED,
the sample was concentrated to 2 mg ml-! and stored frozen at -20°C and withstood
several freeze-thaw cycles. Automated protein sequence analysis of the pu'riﬁed
protein was performed by Mike Carpenter (Department of Biochemistry) as

previously described (Chapter II).

4. Antisera preparation
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Linda Glasier and Neil Ellert in Dr. Paranchych's l.aboratory (Department of |

Microbiology) assisted with antisera preparation. A Flemish Giant crossed with é
French Lopped-ear rabbit was injected intramusculzirly in the gluteal and subscapular
areas with a total of 200 ug of purified protein from SDS gels (Jacobs and Clad,

1986) dissolved in equal volumes of sterile saline solution and Freund's complete



adjuvant (3 ml total). The rabbit was injected two more times after 3 and 6 weeks

with the same amount of protein and Freund's incomplete adjuvant. The animal was

bled 2 weeks after final injection.

5. Detection of the end point of the anti TraM antisera

The titer of the anti-TraM antibodies was determined using enzyme-linked

immunosorban}t assay (ELISA). The principles of this assay have been described by |

Voller et al. (1974). Purified TraM protein was dissolved in coating buffer (0.5 M
NaHCOs, 0.1% NaN3, pH 9.6) at a final concentration of 2 ug ml-1. Two hundred
microliter volumes of antigen in the coating buffer were placed in the wells of
" microtiter plates and incubated fo; 16 hr at 20°C in a moist atmosphere, the antigen
safurated wells were washed three .times for 3 min each in phosphate buffered saline
containing 0.0.S%v (v#v) Tween 20 (PBS-Tween). The wells were then filled with
various dilutions of rabbét anti-TraM antiserum diluted in PBS-Tween containing 1%
(w/v) BSA. Incubétion with antiserum was for 2 hr af 20°C. The resulting
antigen/antibody cnmplexes were then .incubated with alkaliné phosphatase-
conjugated goat-anti-rabbit "antiserun1 (Boehringer-Mannheim, anal, Quebec,
Canada) and used at a 1:2000 d‘ilut'ion in PBS-Tween, the alkaline phosphatase
substrate, p-ni‘trophenylphosphate (Sigma Chemicals, St Louis, MO) was added as a
1 mg ml*! solution in 10% diethanolamine. The end point of the antiserum was
defined as the highest dilution of antiserum that wonld cause absorbance at 405 nm
of 0.02 OD and it was determined with a Titertek multiscan ELISA plate reader after

an appropriate time interval foliowing addition of the substrate for the color reaction.
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6. Characterization and localization of TraM within cells

Fractionation of cells into cytoplasmic, inner and outer membrane fractions
was carried out as previously described (Chapter II). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), protein transfer to nitrocellulose

paper and immunological detection were performed as previously described (Chapter

).

7. Recombinant DNA techniques |

Restriction enzymes, T4 DNA ligase, the large fragment of DNA polymerase 1
(Klenow) and T4 polynucleotide kinase were purchased from Boehringer-
Mannheim. The enzymes were used according to suppliers specifications and
protocols. DNA transfer to nitrocellulose filters, DNA filter hybridization, and
colony filter hybridization have been described previously (Frost et al., 1985; Finlay
et al., 1983). The transformation of E. coli with plasmid DNA and the isolation of

DNA fragments for cloning procedures were accordin:; to Maniatis et al. (1982).

8. Characterization of protein-DNA interactions

The plasmid pLDLF13 was digested with HindIll and Kpnl, or with EcoKRI
and Psd in order to generate fragments that could be selectively labeled at one end by
“the "filling-in" reaction (Maniatis et al., 1982). Plasmid pER322 was digested with
Pvull and Ndel. The 5' end of the Ndel site was dephosphorylated with calf
intestinal élkaline phosphatase in order to generate an appropriate site for T4
* polynucleotide kinase labeling (Maniatis et al., 1982). The products of digestions

~were separated on 1.6% agarose gels and the fragments were purified according to

the procedure of Dretzen et al. (1981). Labeling of the 3'- or 5-ends of the
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fragments was performed with a-[32P}-dATP or -[32P}-ATP (Dupont, Lchine,
Quebec, Canada), respectively. DNA-protein complex electrophoretic mobility
retardation assays and DNase I footprinting were performed as previously described

(Chapter II).

9. Formation of double-stranded synthetic oligonucleotides

A pair of synthetic oligonucleotides of sequence SGGGTGTCGGGGCGCAG
CCATGACCC? and its cofnplementary strand were synthesized in the Department
of Microbiology at the University of Alberta. Equal amounts of the two synthetic
oligonucleotides were mixed together in DNase I footprint buffer (25 mM HEPES
pH 7.8,’ 50 mM KCl, 0.5 mM DTT, 0.05 mM EDTA, 5% glycerol, 0.5 mM
phenylmethylsulphonyl fluoride (PMSF)) and incubated for 30 minutes at 95°C.
The incubator was then shut off and the mixture was allowed to cool to room
tcxiiperature. The double-stranded DNA was then used for the DNA clectrophoretic

| mobilfty retardation assays either as substrate for binding or as a competitor.
C. Results

1. TraM over-expression and purification
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TraM protein was over-expressed in E. coli as described in Experimental

Procedures. SDS-PAGE of crude extracts from overproducing cells labeled with
- 358-methionine showed three major bands: two of which corresponded to the
unprocessed and processed forms of the B-lactamase marker from the vector, while

the third bahd, with electrophoretic mobility corresponding to a molecular weight of

10,950, was tentatively identified as TraM(data not shown). The TraM band wés :



electro-eluted from SDS-PAGE as previously described (Chapter II) and its amino
terminus sequenced. The sequence of the first five amino acids was MAKVN which
corresponded to the sequence determined from the DNA (Thompson and Taylor,
1982), suggesting that the over-expressed protein was indeed TraM. The protein
was purified as described in Experimental Procedures. The final yield of purified
protein was 5 mg per liter of cell culture (Fig. IV. 2, lane 5). Sucrose gradients
showed a molecular weight for TraM of approximately 60,000 suggesting that TraM

is a tetramer under these conditions (Chapter V).

2. Immunological characterization of TraM

The purified protein was used to raise polyclonal antibodies as described in the
Experimental Procedures. The titer of the antisera was determined using the
Enzyme-Linked Immunosorbant Ass:;, (ELISA) and corresponded to an end point
of approximately 10-6. The location of TraM protein in cells carrying the F plasmid
and/or the raM gene on 2 multicopy plasmid, was determined using immunoblots of
cell fractions separated by gel electrophoresis and transferred to nitrocellulose paper.
E. coli JC3272 and M176 (JCFLO/JC3272, F*), alone or transformed with plasmid
pLDLF7 (Fig. IV. 1) were fractionated into cytoplasm, inner and outer membranes
as described in Chapter II. The proteins were separated on duplicate denaturing 15%
polyacrylamide gels and one of them was stained with Coomassie blue (data not
shown), while the other was transferred to nitrocellulose paper. The transferred
proteins were incubated with anti;TraM antiserum diluted 100-fold (Fig. IV. 3). The
TraM protein was visible predominantly in the cytoplasm of all strains and there was
a nearly equivalent amount of TraM in the inner membrane fraction of the cells

carrying pLDLF7, as determined by densitometric scanning of the autoradiogram,
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‘kDaSt1234 5
b

TraM

| Figure IV. 2
Purification of Athc F T;aM protein. Coomassie blue stain of SDS-polyacrylamide gel
(15%) electrophoresis of fractioﬁ‘s from the purification proéedure. St., molecular
| weight standérds; Lane 1, 30 pug of crude membrane préparation; Lane 2, 21 ug of
soluble fraction; Lane 3, 30 ug of the supernatant of 50% ammonium sulfate
frﬁétionation; Lane "4, 18 pg of the peak eluted from fhe FPLC Mono_Q; Lane 5, 10
- pgof the 1.2-2.0 M NaCl fractions eluted from the Affi-Gel Blue.
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JC3272 M176
control /pLDLF7 | control /pLDLF7
cl o ¢} o]Stjelt o ¢ 1 o

Figure IV. 3

- Localization of the TraM protein. Immunoblot of cell fractions of cultures of
JC3272, M176 alone or transformed with pLDLF7, separated into cytoplasmic (c),
inner membrane (i), and outer membrane (0) fractions. Approximately 30 ug of
protein from cytoplasmic and inner membrane fractions and 15 pg of outer
membrane fraction were separated by SDS-PAG electrophoresis. St. Molecular
weight standards expressed in kilodaltons. The asterisks indicate the TraM band,
whereas the arrow indicates the mobility of the cross-reacting material discussed in

the Results section.
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The TraM band was barely visible in the M176 fractions, which contained a single
copy of the traM gene, although the Coomassie blue stained duplicate showed
similar total amounts of protein in each lane (data not shown). There was no
apparent difference between the amount of TraM found in M176 and JC3272
transformed with the multicopy plasmid pLDLF7 suggesting that the presence of the
F plasmid did not affect the cell localization of the TraM protein. Very weak cross-
reactivity with a protein of molecular weight similar to TraM was detected in all the
lanes of the control s&ain E. coli JC3272 after - g exposures (Fig. IV. 3, indicated
with an arrow). Densitometric scanning of the autoradiogram showed the intensity
of the TraM band in the cytoplasmic fraction of M 176, after correction for loading
errors, to be twice the intensity of the background band in JC3272, whereas the
bands in the inner and outer membrané fractions were of comparable intensity,
suggesting that TraM is only present at detectable levels in the cytoplasm of strain
M176. The band appearing at a molecular weight of 22,000 in the cytoplasmic
fractions is a dimer of TraM, since it is present in immunoblots of purified antigen
(see Fig V. 10) whereas the other bands of molecular weight above 43,000 are the
products of non-specific cross-reactivity, -since they wére not present in
immunoblots of puriﬁed amigen, but were present in the control strain JC3272. The
nature of these bands is not known. The band in the outer membrane fraction of
JC3272 transformed with pLDLF7, of molecular weight corresponding to TraM, is

the result of overflow material from the adjacent well.

3. TraM-oriT complex formation
The purified protein was used in electrophoretic mobility retardation assays to

demonstrate binding of F TraM to the oriT region of F. The EcoRI/Psd fragment
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from plasmid pLDLF13 containing the Bglll/Tagl fragment of the F oriT region
(Fig. IV. 1) was selectively labeled at the 3' end of the EcoRl site with Klenow
DNA polymerase. The labeled fragment was incubated with increasing amounts of
purified F TraM protein. The complexes were separated on non-denaturing 5%
polyacrylamide gels electrophoresed at room temperature (Fig. 1V. 4). The TraM-
oriT region complexes appeared as four discrete bands of decreasing mobility (Fig.
IV. 4, panel F). The fourth band probably was not the result of a specific DNA-
protein interaction, but rather the product of protein aggregatiui:, since the gmtein
tends t5 form aggregates at high concentration (note the concentratior £¢ Tt s
lane 7 is 34 4% Comnlex [ was formed at a molar ratio of DNA to pravein s 1:
3-103, complex 1i and complex 11 required two times and ten times more TraM,
respectively. The binding constant for the first complex was estimated to be greater
than 107 M-1, which corresponds to the concentration of TraM in lane 2 of Figure

Iv. 4.

In 1984, Willetts and Wilkins identified a sequence within the oriT region of
ColE1 that had high homology with the inverted repeats between nucleotides 240
and 275 in the F oriT region (Fig. IV. 7). A 220 bp Pvull/Ndel fragmcnt from
pBR322 (Maniatis et al., 1982), containing the region of homology (position 2299-
2320 of the ColE1 sequence in Fig. IV.7 A), was selectively labeled at the Ndel site
and incubated with F TraM. The oriT region of the non-conjugative plasmid ColE1
showed electrophoretic mobility retardation of the band to two positions of lower

mobility. The second band of very low mobility appeared at very high TraM
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concentrations, suggesting that protein aggregation might also have occurred in this

sample (Fig. IV. 4, panel ColE1). We also tested the oriT region of the F-like
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Figure IV. 4
DNA electrophoretic mobility retardation assay of TraM-DNA complexes. DNA
- fragments of different origins were labeled at their 3' ¢end as described in

Experimental Procedures and incubated with increasing.amounts of purified TraM
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(indicated in the box at the bottom of the figure) in the presence of 1 ug of poly(dI- |

dC)poly(dI;dC). The autoradiogram of the complexes separated on a 5% non-
denaturing polyacrylamide gel is shown. F. 2.0 fmol of the 456 bp EcoRI/PstI
fragment of pLDLF13. ColE1. 2.0 fmol of the 229 bp Pvull/Ndel fragment of
pBR322 containing the oriT of ColE1. Free, mobility of free DNA fragment.



plasmid pED208, which did not show binding activity (data not shown).

4. DNase I footprinting aﬁalysis of the F and ColEl oriT regions with
TraM protein

In order to localize the site(s) of interaction of the TraM protein with the oriT
region, DNase I protection experiments were performed. The 32P-labeled HindIII-
Kpnl fragment from pLDLF13 was incubated in the presence of increasing amounts
of purified TraM protein, briefly digested with DNase I, and the products of
digestion were separated on 6% sequencing gels (Fig. IV. 5). Three main regions
were protected: the first, in order of affinity for TraM, started at nucleotide 361
(sbmA, where sbm stands for specific binding site of the TraM protein according to
the nomenclature introduced in Abo et al., 1991) while the second was between
nucleotide 322 and 349 (sbmB) and the third was between nucleotide 239 and 289
(sbm(), as the concentration of protein was increased. The first two footprints were
localized in the TraM promoter region, sbmA covered the -10 region while sbmB
covered the -35 region, whereas sbmC corresponded to a region of dyad symmetry
initially described by Thompson and Taylor (1982). The three footprints appeared at
protein to DNA molar ratios similar to the ones that caused formation of complexes I

and Il in the electrophoretic mobility retardation assays.

There was a different prorection pattern between the upper and the lower
strands. While the upper strand showed three footprints covering 34, 27 and 50
nucleotides (Fig. IV. 5, left panel), the lower strand was much more susceptible to

DNase I digestion, even though five times more TraM was used in the incubation
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Figure IV. §
DNase I protection analysis of the oriT region in the presence of purified TraM. The
HindlIll/Kpnl (left panel) and EcoR1/Ps (right panel) fragments from pLDLF13
containing the 422 bp fragment of F-oriT were labeled at the upper and lower strand
respectively and incubated with purified TraM Lane G (both panels), Maxam and
Gilbert sequencing reaction. Lane 1 (both panels), DNase I digestion of 10.0 fmol of
the DNA fragments; The footprinted regions are indicated with brackets, single base

protection is shown by the open triangle.
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mixture, and had very small protected regicis ranging from a single base to a region
of only a few bases (Fig. IV. 5, right panel), suggesting uneven interaction of the
protein with the two DNA strands. The only protected regions of any length in the
lower strand were the sequences comriementary to the -35 region and to a lesser

extent, the -10 region of the raM prormoter.

We performed a similar experiment to investigate the interaction of the F TraM
protein with the oriT regios of the ColE] plasmid. Unfortunately, the fragment was
unstable and we were never able to obtain "footprints" of the site of interaction of

TraM with the ColEl oniT region. The reason for this instability is not known.

5. TraM binding to synthetic oligonucleotides
_'Iln order to investigate the interaction of TraM with the ori Tregion of ColEl, a
pair of oligonucledt_idi_as was synthesized as described in Experimental Procedures.
‘This pair of oligonucleotides corresppnded to the ColE1 oriT region (position 2299-
2320:of the ColE1 sequence in Fig. IV. 7 A) which is homologous to F oriT and its
sequence was based on the pBR322 sequence vpublished in Maniatis et al. (1982),
~which has a one base differenée, from the sequence in this region presented in

Thompson et al. (1984).

Electrophoretic mobility retardation assays were performed on the labeled

oligonucleotides, either in the single-stranded form or annealed to each other, and
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were incubated with increasing amounts of TraM (Fig. IV. 6). TraM was able to

retard the double-stranded DNA in the mixture of the two oligonucleotides annealed

‘together (Fig. IV. 6 B, lane 5) as well as the small amount of doubie-stranded DNA
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present in the samples of single-stranded oligonucleotides and indicated in Figure
IV. 6 by asterisks. Because of the palindromic nature of tie oligonucleotides, the
DNA may have formed hairpin structures or concatamers, which would be
substrates for TraM L inding. Densitometric scanning of the autoradiogram showed
that almost 100% of the complementary oligonucleotides annealed to form the
double-stranded DNA. If we assume that TraM has four DNA binding sites per

tetramer, then the molar ratio of DNA to protein is =1:40 in lane 5 of Figure IV. 6

B.

The double-stranded form of the oligonucleotides was also used in a
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competition assay of TraM binding to the oriT region of F. A DNA fragment from

pLDLF13, containing all three TraM binding sites, was labeled at one end and
incubated with an amount of TraM that would saturate the three binding sites. This
mixture was incubated with increasing amounts of unlabeled double-stranded
oligonucleotide and separated by electrophoresis on an 8% polyacrylamide gel. The
molar ratio of oriT fragment to TraM protein was 1:2500 in every sample. Even
when the double-stranded oligonucleotide was in a twenty fold excess compared to
the amount of TraM, it was capable of only partially inhibiting the binding of TraM

to the F oriT region (data not shown).
D. Discussion
F TraM is a small protein of 127 amino acids with a molecular weight of

14,507, as derived from the DNA sequence. The protein has an apparent molecular

weight on SDS polyacrylamide gels of 10,950. This increased mobility is a common



feature of 6ther TraM proteins identified so far (Chapter II, Schwab et al., 1991;
Dempsey and Fee, 1990). Anti-TraM antiserum was prepared and used to localize
the protein in cells carrying the whole F plasmid alone or together with a multicopy
plasmid containing the raM gene. The protein was found mainly in the cytoplasmic
fraction, in agreement with previous results for the TraM proteins of the F-like
plasmids, pED208 and R1 (Chapter II, Schwab et al., 1991). We were also able to
detect largé quantities of the proteih in the inner membrane fractions of the strains
carrying the raM gene on a multicopy plasmid. The presence of the F plasmid does
not affect the partitioning of TraM although cells carrying chimeric plasmids
containing the oriT region and TraM in the presence of F, have a greater amount of
TraM in the inner membrane fraction than in the cytoplasm (davta not shown). This
suggests that a fra function recognizes the oriT region and affects the localizatioh of

TraM in the cells.

Electrophoretic mobility retardation assays were performed on the oriT regions
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of F and ColE1 incubated in the presence of F TraM. The oriT region of F showed

three shifts while the ColE1 fragment showed one. An extra step was seen in both
systems at hig'h’ concentrations of TraM. We interprete this as ag'gregation‘of'free
TraM protein with TraM bound to‘the DNA, causing a mass action effect and
eleétrophpretic mobility retardation of the DNA. It is interesting to note that similar
amounts of TraM cause the formaiion of complex 1T in the F oriT fragmént and
complex I in the ColE1 oriT fragment, suggesting that ’I"raMAhas a lower affinity for
the ColE1 oriT region. This was further demonstrated by thé inability of the double-
stranded 6ligonucleotide frbm ColE1 10 fully compete with the F oriT fragment for

TraM.



The nature of the DNA-protein complexes was also analyzed using DNase I
footprinting. Three major footprints were identified in the F OriT. The "footprints"
encompass a 150 bp region including part of the traM promoter. The latter region
was protected first, followed by the oriT region. Unlike the pED208 system
(Chapter II) in which the interaction of the TraM protein with both strands of the
DNA duplex was comparable, there is a remarkable difference in the affinity of the
TraM protein for the two DNA strands in the F system. The different affinity for the
two DNA strands may reflect a mechanism of interaction of F TraM with DNA
which is different from pED208 TraM. TraM protects only the -35 region and to a
lesser extent the -10 region of the traM promoter in the lower DNA strand. The
localization of the protected regions within the regulatory region of the traM gene, as
well as the order in which the binding voccurred, suggesfs a role for TraM in the

regulation of its own expression.

Sequence comparison of the regions protected by TraM identifies a pentameric
motif of sequence GGC/TGC present 11 times within the F oriT region. Six have 1
1 2 non-conserved bases (Fig. IV. 7). Four of these motifs are spaced 12  bases
apart within the protected regions suggesting that phasing along the DNA sequence
is important. A fifteen base pair motif, repeated five times within the three footprints
(Fig. IV. 7, panel B) and present in the ColE1 oriT region, was also identified. This
motif is rich in G and is present on the upper strand four times out of five in the F
OriT sequence. The pentamer GGPyGC is the core of this fnotif w‘ith the highly

conserved G residues at positions 6 and 7 and a C residue at position 10.
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Figure IV. 7
Summary of the TraM binding sites in the F ori T region. A. Sequences of the four
protected re_gions (three from F and one from ColE1). The inverted repeats represent
the secondary structures identified by Willetts and Wilkins (1984), whereas the direct
repeats are from Thompson et al. (1984). The footprints are indicated by the striped
boxes, on the top of the sequence for the upper strand and on the bottom for the
lower strand; &e open triangles indicate single Base protection. The numbers beside
the ColE1 fragment correspond to their position in the plasmid pBR322 beginning at
the EcoRlI site (Maniatis et al., 1982). The TraM binding sites, corresponding to the
15 nucleotide motif discussed in the text, are identified by thé horizontal brackets and
named a,b,c, é', c". The core sequences of five bases described in the Discussion
plus the mismatched sequences are underlined. B. The consensus quence derived
by a comparison of the DNA binding sequences for F TraM. The pentamer

GGPyGC is boxed.
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Factor or IHF (for review see Friedman, 1988; Yang and Nash, 1989) with the F
oriT region in vitro. Two IHF binding sites were identified (Fig. IV. 8, IHF A and
IHF B). The first site, which is closer to the nick site, was identified as a high
affinity site, whereas the second site is weaker and is located between the two
bihding sites sbmB and sbmC (Tsai et al., 1990) (Fig. IV. 8). Lahue and Matson
(1990) characterized the gene product of traY and found that it binds to the oniT
region (Fig. IV.8, sbyA). The TraY binding site is adjacent to the third TraM
binding site (Fig. IV.8, sbmC), suggestiiig that the two proteins, TraY and TraM,
might interact and in this way trigger the transfer process. Tral relaxes DNA by
nicking at oriT with 50% efﬁciency in in vitro experiments but is unable to protect
oriT DNA in DNase I footprinting experiments (Matson and Morton, 1991; Reygers
et al., 1991). Even though TraY is not necessary for nicking in vitro (Lahue and
Matson, 1990), we suggest that Tral and TraY could interact in the nicking complex
in vivo to selectively and efficiently nick the DNA at a site located alrﬁost 100 bases
upstream from the TraY binding site, after a mating pair has been established (Fig.

1V. 8, oriT).

represses its own exgpression. Upon st < ion of a stable mating pair, TraM could
bind to sbmC and signal to the TraY1 complex to nick the *:NA and unwind it in

preparation for transfer. This model is in agreement with ihe data presented by Fu et
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al. (1991); deletion analysis of the oriT region identified two sequences from

nucleotide 237 to 285 and from nuc.lcotide 325 to 360 that are essential for transfer,
these sequences corresponded to sbmC and sbmB, respectively. The function of

THF would be to bend the DNA and bring into close proximity the nick site and the
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site of interaction of TraYT with the DNA, and perhaps to affect superhelical density

locally.

The characterization of the interaction of TraM with the F oriT region
complements recent data on the characterization ot other factors that play a role in the
process of F transfer. Tsai et al. (1990) shows the interaction of Integration Host in
the oriT region (Travers, 1990). Recent data published by Reygers et al. (1991) and
Matson and Morton (1991) show that Tral has increased efficiency of nicking if the
substrate DNA is negatively supercoiled. We are currently investigating the effects
of supercoiling on the interactions of TraM with its binding sites, in order to
elucidace the role played by TraM in initiating the transfer process and in the

regulation of its own expression.

Willetts and Wilkins (1984) reported that the ColEi oriT region has a sequence
of dyad symmetry homologous to a sequence in the oriT region of F. They
hypothesized the involvement of F tra genes in the mobilization of ColE1. Genetic
studies performed on the ColE1 plasmid and the related plasmid CloDF13 (Willetts,
1980) showed that the traM function was not essential for plasmid mobilization.
However, the nature of the mutation in traM has not been reported (it is not a
nonsense mutant) and it could be that the (Flac raM102) mutants are still effective in
mobilization. In this study, we have demonstrated the specific interaction of one of
the fra genes with the oriT region of lhé mobilizable plasmid ColEl; howevef further
characterization of the interaction of TraM and of other tra gene produéts with the

ColE1 oriT as well as re-evaluation of the genetic studies, will be necessary to gain
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a better understanding of the mechanism of mobilization of non-conjugative

plasmids.
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CHAPTER V

Physico-chemical Characterizntion of the Signal Protein TraM

from the Conjugative Plasmids F and pED208
A. Introduction

Among the IncF systems there are five classes of TraM. The prototypes of the
five classes are: F, R100, R1, ColB4 (Willetts and Maule, 1985; Finlay et al., 1986)
and Folac (pED208 is the derepressed form of this plasmid;Chapter IT). Members of
the same class can complet__nent each other whereas members of different classes
cannot. TraM from four of the prototype conjugative plasmids was shown to bind to
DNA sequences specific for each plasmid; located close to the oriT site (Chapter II,
Chapter IV, Abo et al.,l 1991, Schwab et al., 1991). Among the five types of TraM,
pED208 TraM is the least conserved, while F TraM is considered the paradigm. The
purpose of this chapter is to characterize the physico-chemical properties of TraM

from F and pED208 and compare the two proteins.
B. Experimental Procedures

1. Prediction of secondary structure using computer programs
The following computer programs were ‘applied to the sequences of F and
pED208 TraM proteins using the GeneWorks version 2.0 paékage (IntelliGenetics,

Inc., Mountain View, CA) for Macintosh computers:
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Garnier protein structure prediction. This algorithm predicts secondary structures for
a protein sequence using the weight matrices developed by Garnier, Osguthorpe and
Robson (1978). It predicts the likelihood that a particular residue will be found in an
alpha helix, beta sheet, random coil or turn. For each amino acid in the sequence the
program calculates four equations, one for each of the conformational states. The
program then determines the most likely conformation by choosing the equation with
the highest score. A diagram for euch predicted conformational state as well as the

composite diagram of the most likely conformation is produced.

Surface probability. This algorithm predicts the residues on the surface of a
polypeptide by calculating the product of the surface accessibilities of each amino

acid over a range of the sequence (Janin et al., 1978).

2. Analytical ultracentrifugation

Analytical ultracentrifugation analysis was performed by Leslie Hicks in the
laboratory of Dr. C. Kay (Department of Biochemistry). A Beckman Model E
analytical ultracentrifuge equipped with electronic speed control and RITC
temperature control was used for all runs. The concentration of TraM in the samples
was determined using ultracentrifugal synthetic boundary runs with Raleigh

interference optics (Babul and Stellwagen, 1969).

A measurement of the number of fringes crossed on the photographic plate
using a Nikon Model 6 microcomparator, was related to the protein concentration
using the average refractive index increment of 4.1 fringes mg-! ml-! determined for

proteins by Babul and Stellwagen (1969).
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Determinationé of molecular weights were made using the conventional
sedimentation equilibrium technique described by Chervenka (1970). Prior to
running in the ultracentrifuge, the samples were dialysed against 0.1 M NaCl, 50
mM Tris-HCI pH 8.5, 0.1 mM disodium EDTA, 1mM dithiotreithol (DTT) (0.1 M
NaCl/ TED buffer) for 48 hours. Fringe counts were then performed on the samples
to determine the initial concentrations. One hundred ul of each sample was then
loadcd into a 12 mm double-sector, charcoal filled Epson cell equipped with
sapphire windows. The sedimentation equilibrium runs were performed at 20°C for

a minimum of 48 hours before equilibrium photographs were taken.

The weight average molecular weight of TraM was determined as a function of
the initial’concentration of the samples. The concentration of the protein (C) as a
function of its distance (r) from the axis of rotation at equilibrium was measured
: 'using Raleigh interferencé optics. The concentration of protein at the meniscus, Cpy,
was calculated as follows:
Cb

rz(Cb-Ch) - 12dc
Cm?Co' Cm . [1]

where C is the protein concentration at any distance, r, from the axis of rotation and

the following subscripts indicate: o, value at time 0, m, value at the meniscus, b,

value at the bottom of the cell. A direct measurement of protein concentration in
terms of fringes, y, at any given value of r, was determined by adding the fringe

displacement at point r to the concentration at the meniscus (expressed in fringes).
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A plot of the natural logarithm of the protein concentration (in fringes, y) yielded a
straight line, the slope of which, dinc/dc2 was used to deiermine the weight average

molecular weight from the following equation at any position along the cell:

Mw(=2RT__  _dInC(r) 2]

(vp)e?  dr?

where R is the universal gas constant, T the experimental temperature in Kelvin, ¥ is
the protein partial specific volume, p is the density of the buffer at the temperature T,
and  is the angular velocity in radians per second. Point-average molecular weight
calculations were carried out using a computer program written in APL languégc.
The InC versus r2 data were fitted to a second degree polynomial equation using
least squares techniques and the point-average molecular weights were calculated

from the slope of the plot.

3. Circular dichroism

Circular dichroism analysis was performed by Kim Oikawa in the laboratory
of Dr. C. Kay. Circular dichroism (CD) measurements were done on a Jasco J-720
spectropolarimeter (Jasco Inc., Easton, MD) interfaced to an Epson Equity 386/25
and controlled by Jasco software. The thermostated ceil holder was maintained at
25°C with a Lauda RMS circulating water bath (Lauda, Westbury, NY). The
instrument was routinély calibrated with ammonium d-(+)-10 camphor sulfonate at
290.5 nm and 192 nm, and with d-(-)-pantoyllactone at 219 nm. Each sample was
scanned ten times and noise reduction applied to remove the high frequchcy noise
before calculating molar ellipticities. The voltage of the photomﬁltiplier was kept

below 500 V to prevent distortion of the CD spectrum. The dimensions of the cells
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used for the measurements at wavelengths below 250 nm were 0.01 and 0.05 cm,

whereas a 1 cm microcell was used for the aromatic region (250-320 nm).

The circular dichroic spectrum of a protein arises from a differential absorption
of left and right circularly polarized light at any given wavelength, it can be defined
as Ae=gj-er, where Ae is the circular dichroism and €1, and eg are absorption
coefficents of left and right circularly polarized light, respectively. As the emergent
light is elliptically polarized, it is conventional to express it in terms of mean residue

ellipticity [0]), defined by the equation:

[8]3 = _MRW-: 8 | 3]
100-1-¢ obs
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where MRW is the mean residue weight corresponding to 116.024 for TraM -

(calculated from the sequences in Chapter Il and Thompson and Taylor, 1982), Oobs
is the observéd ellipticity value at the wavelength of intcrést, 1 is the pathlength of the
cell in dm and c is the concentration of the protein in g cm-3. The unit for molar
ellipticity was degree centimeter Squared per decimole. Protein concentration ranged

from 0.5 to 2.38 mg mll,
The CD spectra of proteins in the far UV region (190-230 dm) depend on their

secondary structures. The ellipticity of a sample at any given 'wavélength can be

expressed as the sum of the contribution from o-helix, B-sheet and random coil:

(81 = fo [0 + 3 1012 + fo [O]cn @



where fq, f3, and f; are the predicted fractions of o-helix, B-sheet and random coil
respectively and [0]q,2, [0]p) and [B]c ) are the values that represent the known
molar ellipticity of each structural configuration at any given wavelength. The
relative intensity is based on the CD spectra of 5 proteins that have had their

structures previously determined by X-ray crystallography (Chen et al., 1974).

The fraction of a-helix and B-sheet was also determined using a program
developed by Provencher and Glockner (1981) which analyzes CD spectra as a sum
of spectra of 16 proteins whose structures have been determined by X-ray
crystallography. Furthermore, the method includes a fourth structural configuration,
the B-turn. The Contin I program (from the European Molecular Biology
Laboratory) for applying this method was also used to analyze changes in the
secondary structural content of the proteins after addition of metal ions. The input to

the program was the molar ellipticities in 1 nm intervals from 190 to 240 nm,

The near UV CD spectrum (250-320 nm) of most proteins derives mainly from
the arornatic residues tryptophan, tyrosine and phenylalanine. They possess a low
level of "D} when existing as free amino acids in solution. However, the Cotton
effects can be greatly enhanced if these chromophores are found nearby asymmetric
structures such as o.-helix and B-tor_ms and also upon interaction with other aromatic

residues (Strickland, 1974).



C. Results

1. Sequence comparison of the TraM proteins from the conjugative
plasmids F and pED208

The percentage of direct and conserved homology among the five prototypes
of TraM, compared to F TraM, is reported in Table V. 1. It shows the high degree
of homology among the five prototypes with the exception of pED208 TraM, which
shows 41.8 % identity and 57.5 % conserved homology to F TraM. The amino acid
sequences of the two proteins were compared as shown in Figure V. 1, where the
identical (conserved) residues are indicated with a vertical bar. The amino terminal
end from residue 1 to residue 35 is characterized by the presence of a cluster of basic
residues, whereas the carboxy terminal end from residue 100 to 127 has a high
content of acidic residues, with pED208 TraM having six acidic residues of the last
seven. The central region (residue 32 to 99) is characterized by non-polar residues.
The only cysteinyl residue in the bolypeptides is located in the central region of both

proteins, at positions 73 in F TraM and 79 in pED208 TraM.

In order to identify homology with other known proteins, the.amin'o acid
sequences of TraM from F and pED208 were compared to t¢ PC/GENE data bank
(PC/GENE: the nucleic acid and protein sequénce analys?s Software system. A.
Bairovoch, University of Geneva (TM) IntelliGehetics Inc lountain View, CA).

No region of homology was detected with the sequences contained in the data bank.
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Table V., 1

Amino Acid Sequence Homology Among the Five Prototypes of TraM

Plasmid Direct homology (%) Conserved
homology (%)
F 100 100
ColB4 81.4 88.2
R100 88.9 93.7
R1 89.7 95.2

pED208 41.8 57.5
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2. Prediction of secondary structure

The amino acid sequences of the TraM proteins were analyzed for prediction of
secondary structure using several modified versions of the Chou-Fasman method
(Chou and Fasman, 1978). Since the proteins show DNA-binding activity (Chapter
IT and IV), the sequences were analyzed for potential helix/turn/helix structure,
which is a well characterized folding motif of many prokaryotic DNA-binding

proteins.

The sequences were analyzed by GeneWorks 2.0 computer programs. The
comparative studies of the characteristics of the TraM proteins; secondary structure
prediction using the Garnier (Garnier et al., 1978) and Chou-Fasman methods,
surface probability (Janin et al., 1978) and chain flexibility (Karplus and Schulz,
1985) profiles, are shown in Figures V. 2 and V. 3. The predicted o-helical content
of both proteins was high and a few regions of -turn were also predicted as shown
by the composite diagram (Fig. V. 2 and V. 3, G structure); the F TraM protein
showed three helices, the first one bztween residues 13 and 63, the second between
residues 80 and 92 and the third between residues 98 and 120 (Fig. V. 2), whereas

the pED208 TraM protein showed five o-helices (Fig. V. 3).

The surface probability and chain flexibility plots were obtained for the proteins.
The profiles showed both proteins to be flexible (data not shown) with three main
regions exposed on the surface of the proteins corresponding to a basic region at the
amino terminal end (9-32), the charged region in the middle of the polypeptide (44-
65) and the acidic region at the carboxy terminal end (101-127) (Fig. V.2 and V. 3,
bottom graph).
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Figure V. 2
Prediction of the secondary structure of the F TraM protein using the Garnier method
(Garnier et al., 1978) and the surface probability plot (Janin et al., 1978). The four
parameters of the Garnier method are indicated: G-alpha, a-helical structure, G-beta,
B-sheet structure, G-coil and G-turn, coil and turn conformations. G-structure,
composite diagram of the predicted conformations, where level 1 represents the o-
helix, level 2 the B-sheet, level 3 the coil and level 4 the turn conformations. The

surface plot shows the probability of a stretch of amino acids being on the surface .
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Figure V. 3
Prediction of the secondary structure of the pED208 TraM protein using the Garnier
method (Garnier et al., 1978) and the surface probability plot (Janin et al., 1978).
The four parameters of the Garnier method are indicated: G-alpha, a-helical structure,
G-beta, P-sheet structure, G-coil and G-turn, coil and turn conformations. G-
structure, composite diagram of the predicted conformations, where level 1 represents
the d-helix, level 2 the B- sheet, level 3 the. coil and level 4 the turn conformations.
The surface plot shows the probability of a stretch of amino acids being on the

surface.
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3. Hydrodynamic characterization of TraM

The final chromatographic purification step of the TraM samples using the Blue
Sepharose column (Chapter 1V) yielded higher amounts of purified protein
compared to the DNA-cellulose affinity chromatography (Chapter II), thus the
proteins were purified for the physiéal-chemical characterization according to the
protocol in Chapter IV. Since both proteins showed anomalous reactivity to the
Lowry assay the final concentration of the purified samples were measured nsing

absorbance at 280 nm or fringe counts.

Sucrose gradient centrifugation was used to determine the molecular weight of

ihc pure proteins. Fifty ug aliquots of the purified TraM proteins were loaded on 5%
to 20% sucrose gradients in TED buffer pH 6.4, and centrifuged at 140,000g for 20
hr at 4°C. As internal molecular weight standards, 10 ul of 1 mg ml-! each of
lysozyme, DNase I, Vit B12 and blue dextran were centrifuged together with the
TraM samples. After ultracentrifugation, 200 pl fractions were collected, the
refraction index of each fraction was measured using a refractometer (Bausch and
Lomb). The samples were dialysed overnight against double-distilled water and
dried before loading onto 15% denaturing polyacrylamide gels (SDS-PAG).
Elecmbhores"is was performed at ’30 mA at room temperature and the protein bands
were visualized by silver staining. There was no detectable difference between the
sedimentation profiles of the TraM proteins, and the TraM band appeared at sucrose
concentrations between 13% and 16%; the internal standard DNase I was detected at
similar sucrose concentrations, suggesting a molecular weight of about 60,000 for
the TW proteins (Fig. V. 4). Since Vit B12 and blue dextran are not proteins, they

were not visualized by the silver staining. The calculated molecular weights of the -
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Figure V. 4
Silver staining of the sucrose gradients fractions separated by 15% SDS
polyacrylamide gel electrophoresis. The internal molecular weight standards are
indicated as well as the bands corresponding to the TraM proteins.The sucrose
“concentration (%) of each sample is indicated on the top of the gel. St, molecular

weight standards are indicated in kilodaltons.



TraM proteins from their amino acid compositions were 14,507 and 14,542 for F
TraM and pED208 TraM, respectively. Thus both proteins appeared to be

homotetramers.

To investigate the effect of pH on the quaternary structure of the proteins,
sucrose gradients were performed at pH 7.9 and pH 8.8. The results were identical
to the gradients performed at pH 6.4 and suggested that the protein is a stable

tetramer within the range of pH values used (data not shown).

Low speed sedimentation equilibrium studies were carried out for both
proteins. For pED208 TraM a molecular weight of 61,870 was calculated at an initial
loading concentration of 2.18 mg ml-! in 0.1 M NaCl/TED buffer (Fig. V. 5). This

| value corresponded to the one obtained from sucrose gradients and supported the
tetrameric structure configuration. The F TraM sample showed aggregation and
molecular weights ranging from 40,000 to 120,000 were obtained. To obtain a more
accurate molecular weight determination of F TraM, the sample was treated with 4M
guanidine hydrochloride. After the removal of the denaturant the sample was
dialysed to equilibrium against fresh buffer and analytical ultracentrifugation was
performed. The plot of the natural logarithm of the protein concentration measured in -
fringes (y) versus r2 showed a non linear profile and the molecular weights were
calculated to range between 30,000 and 90,000; this suggested the presence of a

mixture of molecular forms ranging from the dimer to the hexamer (Fig. V. 6).
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r from the axis of rotation (measured in cm).



4. Spectrophotometric characterization of the TraM proteins

The ultra-violet absorption spectrum of TraM proteins (Fig. V. 7) showed a
peak at 276 nm with a shoulder at 283 nm, both of which are attributed to the
tyrosine chromophores. The fine structures in the spectrum near 260 nm induced by
the phenylalanine residues were less prominent in pED208 TraM than F TraM since

the phenylalanine to tyrosine ratio is one in pED208 TraM and two in F TraM.

The molar extinction coefficents of the proteins were determined to be 0.31
and 0.49 for F TraM and pED208 TraM, respectively, which is in agreement with
the values of 0.29 and 0.51 calculated on the basis of the number of tyrosine

residues per monomer.

The secondary structure of TraM was examined using far ultra-violet circular
dichroism (UV-CD). The TraM spectra were typical of proteins containing
significant amounts of a-helix. The CD spectra of both types of TraM were very
close to that of a polypeptide chain in the a-helical conformation. The a-helix
dichroic band normally found at 222 nm was shifted to 220 nm (Fig. V. 8). The
measured ellipticity values at this wavelength were -24,410 and -21,030 ¢+ rees

cm? dmol! for F TraM and pED208 TraM, respectively.

Both proteins possess appreciable amounts of a-helix, as revealed by the CD
measurements, although they differ in their absolute quantities of types of secondary
structures. Reverse plot of the CD spectra measurements showed that F TraM was
79% o-helical and 21% random coil, whereas pED208 TraM was 66% a-helical,
16% PB-sheet and 19% B-turn.
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Figure V. 7
Ultra-violet scanning of the purified TraM proteins. The concentration of protein

was 0.7 and 1.0 mg ml-! for F and pED208 TraM, respectively.
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The near UV CD spectra for the aromatic residues showed a similar profile for the

two proteins although the absolute values of ellipticity differed (Fig. V. 9).

5. Immunodetection
Polyclonal antibodies against the F TraM protein were used in immunoblot
assays of the purified TraM proteins of F and pED208 to detect the presesnice of

common epitopes between the two proteins.

Seven pug of each purified protein was electrophoresed on a 13%
polyacrylamide SDS gel and transferred to nitrocellulose membrane according to the
protocol in Chapter I1. A 1:100 dilution of o-F TraM antisera was incubated with the
nitrocellulose bound proteins and the binding was detected with 125]-labeled protein
A. pED208 TraM cross-reacted weakly with the antibodies, as shown in Figure V.
10, suggesting the presence of common epitopes between the two proteins. The
exira bands in the F TraM lane corresponded to the molecular weight of tte dimer of
F TraM.

D. Discussion

One of the properties of the TraM protein in vitro is to bind the oriT region as
shown in the F-like systems R100 (Abo et al., 1991), R1 (Schwab et al., 1991),
pED208 (Chapter II) and F (Chapter IV). Each TraM protein binds to a different
sequence in the homplogous oriT region. Neither one of the analyzed TraM proteins

shows the structural motif a-helix-turn-a-helix, typical of DNA binding proteins,

103



(6) , deg x cm2 x dmol-1

164

40

-60-

-100-

'1 20 T T T T T T T T T
250 260 270 280 290 300

WAVELENGTH, nm

Figure V. 9
Near ultra-violet circular dichroism spectra of F and pED208 TraM. The
concentration of F TraM was 2.38 mg ml-! (a) and of pED208 TraM was 1.3 mg

ml! (b). The values of ellipticity are in degree cm2 dmol-1.



165

F pED208
_43
_26
— 8B
_14

Figure V. 10
Immunoblot of the purified F and pED208 TraM proteins incubated with anti-F
TraM antisera. The molecular weight standards, shown on the right-hand side of the
figure, are expressed in kilodaltons. The mobility of the TraM proteins as well és of

the dimer of F TraM are indicated.



although a few regions of o-helical structures interrupted by a turn or a coil

conformation were predicted for both pED208 and F TraM proteins.

Studies done using minicells have shown TraM in the membrane of the cell
(Achtman et al., 1979; Kennedy et al., 1977), whereas over-expressed TraM cloned
into multicopy plasmids is recovered from the soluble cytoplasmic traction (Chapter
II and IV, Schwab et al., 1991). Immunological characterization of TraM in cells
carrying the whole conjugative plasmid found the protein in the cytoplasm with a
small amount associated wi‘th the inner membrane (Chapter 11 and IV). The
hydrophilicity plots, RAOARGOS (Argos et al, 1982), SOAP (Kyte and Doolittle,
1982), HELIXMEM (Eisenberg, 1984) programs for the prediction of smoothed
Welix profile show profiles of very soluble proteins with no trans-membrane regions.
This suggests that TraM may interact with other tra functions at the membrane level
and together act as "sensor of mating establishment” complex. Upon stabilization of
the mating pair, TraM may change the affinity of the complex for the DNA thus
initiating the transfer process. One candidate‘for the sensor function is the nicking
complex TraY! (Everett and Willetts, 1980). The Tral protein from F, which is DNA
helicase I (Abdel-Mohem et al., 1983), has been shown to nick oriT (Matson and
Morton, 1991; Reygers et al., 1991) bui with low efficiency, and it does not bind to
the oriT régio‘n. When present in vitro, TraY fails to increase the efficiency of the
nicking reaction (Matson and Morton, 1991). However, the TraY binding site on the
DNA (Lahue and Matson, 1990) is adjacent to one of the TraM binding sites
(Chapter IV) suggesting that TraM may interact with TraY, thus stabilizing the TraY1

complex, promoting efficient nicking and triggering the transfer process.
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Both sucrose gradients and sedimentation equilibrium studies indicate TraM as a
tetramer of the same subunit. The discrepancy between the values of molecular

weights obtained for F TraM in the two techniques is attributed to the high

concentration of protein (7.3 mg ml'l) in the stock solution from which the sample -

used in the analytical centrifugation was derived by dilution.

The UV CD spectroscopy is a sensitive probe of the secondary structure of the
TraM proteins. Both proteins show high c-helical content, suggesting a compact
structure. The tyrosine residues appear to be in an asymmetric environment as
detected by the near UV CD. Ca2+ and Mg2+ did not cause changes in the CD
spectra of the proteins (data not shown) and conformational changes upon binding to
DNA could not be detected because they were covered by the peak of maximum

absorbance of the DNA at 260 nm (Chapter ).

In conclusion, the data presented in this chapter indicate that pED208 and F
TraM share extensive sequence homology, similar predicted secondary structures
and the same tetrameric subunit arrangement, although they bind to different DNA
sequences and cannot complement each other. This suggests that the overall shape of
the TraM protein as well as the mechanism of interaction with the oriT region, has
been conserved during evolution among the IncF plasmids and 4 range of variation
ir the amino acid sequences of the two proteins can account for the observed

diversity.
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CHAPTER VI

The Interaction of Integration Host Factor with the Origin of Transfer

of the IncFV Plasmid pED2081
A. Introduction

Integration host factor (IHF) is a sequence specific DNA-binding protein from
E. coii that plays a majoi 7ole in many bacterial processes such as bacteriophage A
DNA intcgratibn into the bacterial chromosome (Kim et al., 1990), viral packaging
(Saha et al., 1990, Shinder and Gold, 1989), transposon recombination (Gamas et
al., 1987b), control of expression of bacterial and viral genes (Giladi et al., 1990;
Mahajna et al,, 1986; Pereira et al., 1988; Tsui et al., 1991), and plasmid replication
(Gamas et al., 1986). More recently, IHF binding sites were identified in the control
region of nitrogen fixation operons of a number of purple bacteria (Hoover et al.,

1990). IHF belongs to a class of prokaryotic DNA-binding proteins called "histone-
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like" because of their ability to fold the DNA into nucleosome-like structures (Drlica |

and Rouviere-Yaniv, 1987; Friedman, 1988). In particular, IHF recognizes specific
sequences in AT-rich regions and, upon binding, bends the DNA by more than 140°
(Kosturko et al., 1989; Prentki et al., 1987). In bacterial conjugation, plasmid DNA
is nicked at a specific site called oriT and the nicked strand is transferred from the
donor cell into the recipient cell iﬁ a 5'-3' direction (Thompson et al., 1984). The
region of DNA containing the nick site and the sites of action of the various gene

1. A Vversion of this chapter has been submitted for publication. Di Laurenzio, L., Frost,

L.S., Scraba. D.G., Paranchych, W. J. Bacteriol, 1992.
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products involved in the transfer process is cailed the orT region. IHF- strains
show reduced transfer efficiency of the conjugative plasmids F and R100 (Dempsey
1987; Gamas et al., 1987a), and several binding sites for IHF have been identified
and characterized in the oriT regions of these plasmids (Dempsey, and Fee, 1990;

Inamoto et al., 1990).

pED208 is the derepressed form of the IncFV plasmid Folac (Finlay et al.,
1986). Sequence analysis of the region responsible for the conjugative transfer of
DNA of pED208 has revealed extensive similarities at the level of gene organization
and protein sequence with the transfer region of F, the paradigm of conjugative
plasmids, although the two plasmids share little actual DNA sequence homology

(Finlay et al., 1984).

In inis study, we have investigated the interaction between IHF and the oriT
region of pED208. We demonstrate that the organization of these binding sites is

similar to those of the other IncF plasmids.

B. Experimental Procedures

1. Plasmids
All the clones used in this work were derived from the vector pUCI18

(Yanisch-Perron et al., 1985) and are shown in Fig. VI. 1.



2. Recombinant DNA techniques

Restriction enzymes and the large fragment of DNA polymerase I { Klenow)
were purchased from Boehringer-Mannheim (Laval, Quebec, Canada) or Bethesda
Research Laboratories (Gaithersburg, MD). The enzymes were used according to

the supplier's specifications.

3. Fragment labeling

Plasmids pLDL101, pLDL102 (Chapter 1I) and pLDL107 (Fig. V1. 1) were
digested with EcoRI and Hindlil or Pstl to obtain different fragments of the oriT
region (for specific énzymes see legends of each figure). The EcoRI site is at the -
beginning of the oriT region (Chapter 1I), whereas the HindIIl and Psd sites are in
the multiple cloning site of the vector pUC18 (Yanisch-Peron et al., 1985). The
products of digestions were separated on 1.6% agarose gels, and the DNA
fragments containing the oriT region were purified using the Elutrap electro-elution
system (Schleicher & Schuell, Keene, NH). The purified fragments were then
specifically labeled either at the 3' end by the "filling-in" reaction with the large
fragment of DNA polymerase (Klenow) or at the 5' end by the T4 kinase labeling

reaction (Maniatis et al., 1982).

4. Electrophoretic mobility retardation assay

DNA-protein complexes were detected using the method described by Garner
and Revzin (1981) with the following modifications: incubations of labeled DNA
fragments with protein were performed in a 20 pl volume for 20 min at room
temperature in a "DNase I footprinting buffer" modified for IHF binding (25 mM
HEPES, pH 7.8, 0.5 mM dithiothreitol (DTT), 0.05 mM disodium EDTA, 5%



glycerol, 0.5 mM phenylmethylsulphony! tluoride (PMSF)) containing either 100
mM KClI or 100 mM monopotassium gluta nate and 2 mg ml'! bovine serum
albumin (BSA) (Sigma Chemicals, St. Louis, MO). Reuction mixtures were loaded
on pre-electrophoresed 5% polyacrylamide non-denaturing gels without the addition
of loading buffer (Kosturko et al., 1989) and clectrophaoresis was performed at 30
mA at room temperature. The dried gels were exposed to X-ray film (Eastman

Kodak Co, Rochester, NY or Fuji, Tokyo, Japuanj at -70°C.

Quantitative measurements of the bands on the autoradiograms were performed

using a Chromoscan 3 densitometer {Joyce Loebl, Gateshead, England).

5. Calculation of the binding constants

The molar ratio of protein to DNA that caused band retardation in the
electrophoretic mobility retardation assays was between 5-10% and 5-105 10 1: thus
the effective protein concentration is not decreased by subtracting the fraction of
protein bound to the DNA. Under these conditions, the thermodynamic binding
constant (Kp) can be estimated using the following formula (Prentki et al., 1987):

Fbound

{P| (I'Fbound)

where Foound is the fraction of DNA bound, as determii:2d by densitometric analysis
of the autoradiograms and [P] is the total concentration of protein in the reaction
mixture, assuming that the protein is 100% active. Thus the reported values may be

an underestimation of the real Kp.
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6. DNase I protection analysis

DNase I (Deoxyribonuclease I, Worthington Biochemicals, Freehold, NJ)
protection analyses were performed on labeled DNA fragmems as previously
described (Chapter 1I) using the DNase 1 footprinting buffer described above. Fifty
pg ml-! of poly(dl-dC)poly(dl-dC) (Sigma Chemicals) was added as competitor
DNA. The products of the reaction were separated on 6% or 12% sequencing gels.

Radioactivity was detected by exposure of the dried gels to X-ray film at -70°C.

7. Electron microscopy

The electron microscopy characterization of the DNA-protein compiexes was
performed in collaboration with Dr. D. G. Scraba. The carbon replicas were
prepared by Roger Bradley. In order to visualize the complexes between the pED208
oriT region and pure IHF, a replica method of preparation (Lurz et al., 1986) was
used. DNA at a concentration of 1 pg mi! was incubated with 2 yg mi-1 of pure
IHF in a 5 pl reaction volume for 15 min at room temperature. The reaction mixture
was then diluted six times in binding but"fcr (25 mM HEPES, pH 7.8, 0.5 mM
DTT, C.05 mM EDTA, ImM MgCly) containing either 100 mM KCl or 100 mM
monopotassium glutamate, and allowed to adsorb for 1 min to a 1 cm square of
freshly cleaved mica, which was placed on top of a 25 ul droplet of the solution.
Excess liquid was removed with a filter paper, after which the square was floated on
a 2% aqueous solution of uranyl acetate and on 3 successive droplets of water. After
blotting on filter paper, the mica square was placed on a rotating stage in a Balzers
BA511-M metal shadowing apparatus equipped with electron guns for evaporation

and a quartz-crystal film thickness monitor. The DNA on the mica square was



shadowed, while rotating, with 1.8 nm of platinum at an angle of 89, and a surface

replica was made by evaporation of 15 nm of carbon from above.

The carbon replica was floated off the mica onto a water surface and picked up
on a 300 mesh copper grid covered with a film of parlodion. Electron microscopy
was carried out with a Philips EM420-STEM system. The operating voltage was
100 kV, the C1 aperture was 50 pm, and bright field/dark field images were

recorded from a high resolution photomonitor on 35 mm Pan-X film (Kodak).

Contour length measurements of the DNA molecules were made using a

Hewlett-Packard digitizer (Model 9874A) connecied to Tetronix 4051 computer.
C. Results

1. Electrophoretic mobility retardation assays of the oriT region
incubated with IHF

Comparison of the sequence of the oriT region (Chapter II) with the consensus
sequence for IHF binding (Gamas et al.,, 1987a) identified three potential sites of
interaction in this region (Fig. VI. 1, top, 1,2 and 3). These sites contained one
non-identical base and were located at positions 65-77, 100-109 and 218-227,
respectively (Fig. V1. 1, bottom).

Electrophoretic mobility re*ardation assays were used to study the binding of pure
IHF (kindly donated by Dr. H. Nash, NIH) to a 32P-labeled DNA fragment

containing the oriT region. The 32P-end-labeled EcoR1/Pstl DNA fragment from



Figure VI. 1
Linear map of the fragments used in this Chapter. The position of potential IHF
binding sites and known TraM binding sites is shown. Plasmids pLDL101 and
pLDL102 have been described in Chapter II; pLDL107 was obtained by subcloning
the Sspl/HindIlI fragment from pLDL101 into the Smal/Hindlll sites of the vector
pUCI8. The stippled boxes numbered 1, 2 and 3 represent the probable IHF binding
sités identified by sequence comparison to a consensus sequence reported by Gamas
et al. (1987b). The striped boxes labeled sbmA. sbmB and sbmC represent the
specific binding sites of the TraM protein, respectively. The dotted box within sbmC
is a region of partial protection and the arrowheads are the hypersensitive sites as
discussed in Chapter IL In the lower portion of this figure the 5' to 3' nucleotide
sequence df the three potential binding sites are compared to the consensus sequence
for ‘IHF binding. The position of the three sequences is reported and is based on the
séquencc presented in Chapter II. The non-conserved nucleotides are indicated with

an Xx.
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pLDL101, containing the 440 bp EcoRl/Sau3A fragment from the oriT region (Fig.
VI 1), was incubated with IHF in a buffer containing 0.1 M KCJ, and the
complexss were separated on 5% non-denaturing polyacrylamide gels (Fig. VI. 2).
Two bands of different mobility, compared to the free fragment, were identified
(Fig. VL 2. Complex I and II). Complex II was sensitive to the addition of
increasing amounts of calf thymus DNA as competitor, the only DNA-protein
complex detectable at high concentrations of calf thymus DNA was complex I (data
not shown). This suggested a specific interaction of IHF with the DNA site in
complex I. The amounts of THF used in the electrophoretic mobility retardation
assays ranged between 5 fmol and 50 pmol, corresponding to concentrations
between 0.25 nM and 2.5 uM; these are comparable to the estimated intracellular
comcentration of IHF (1.5 gM) (Kosturko et al., 1989); thus the observed
interactions could occur in vivo. The binding constants for IHF binding to the high
and low affinity sites were calculated to be equal to or greater than 2.1-107 M-1 and
2.1-105 M1, respectively. These values are comparable to those caléulated by Tsai
et al. (1990) for the IHF sites in the F system, and to the IHF binding sites in the
1S1 element (Prentki et al., 1987).

2. DNase I protection analysis of the oriT region incubated with IHF
Mapping of the sites of interaction of IHF with the oni’T region was achieved
by DNase I footprint analysis of the EcoRl/HindIII fragment of pLDL102 containing
the 189 bp EcoRI/Taql fragment from the oriT region (Fig. VI. 1) incubated with
IHF. This fragment contains only sites 1 and 2 of the three potential IHF binding
sites. The result of the protection analysis is shown in Figure VI. 3. The region

between nucleotides 80 and 115, containing site 2, was protected from DNase I
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Figure VI. 2
Binding of IHF to the oriT region of pED208. 0.1 fmol of the 32p._labeled
EcoRI/Psd fragment from pLDL101 was incubated with increasing concentrations
of pure IHF. The mobility of free DNA and of the DNA-protein complexes I and 11

are indicated.
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Figure VI. 3
DNase I protection of pED208 oriT region incubated with THF. A. DNase I
footprinting analysis of 9.5 fmol of the 189 bp EcoRI/Taql fragment of the oriT
region (pLDL102) i.:cubated with IHF. The EcoRI/HindllI fragment from pLDL102
was selectively labeled at the HindIII site (upper strand). Lane G+A; Maxam and
Gilbert sequencing reaction. B. DNase I footprinting analysis of 25 fmol of the 350
bp EcoRY/Pst fragment (pLDL107) incubated with IHF in the presence of potassium
glutamate. The EcoR1/Psfl fragment containing the Sspl/Sau3A fragment of the oriT
region was labeled at the EcoRI site (lower strand). Lane G, Maxam and Gilbert
sequencing reaction. The numbers at the léft~hand of both panels represent the
position in the sequence froin the EcoRlI site in the oriT region (Chapter II). The
protected regions are shown in brackets. The conée’ntrations of IHF and poly(dI-
dC)poly(dI-dC) are given for each lane in the box at the bottom of the figure. The

thick lines represent the potential binding sites 1, 2 and 3.
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digestion and was named IHFA (Fig. V1.3 A). Site 1 was no protected. In order to
test site 3, DNase [ footprinting was performed on the EcoRI/HindIII DNA
fragment from plasmid pLDL101, containing the 440 bp EcoR1/Sau3A fragment and

all three potential binding sites, incubated with IHF. Only one protected region
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corresponding to IHFA was identified (data not shown). Thus IHFA corresponded

to the high affinity site identified by the electrophoretic mobility retardation assay.

In order to increase the affinity of IHF for other possible binding sites in the
oriT region, DNase I protection analysis was performed on a fragment of the onT
region which did not include site A in a reaction buffer containing 0.1 M
monopotassium glutamate instead of potassium chloride (Richey et al., 1987) and 50
pg ml-! of poly(dl-dC)poly(dl-dC) as competitor DNA, The 365 bp EcoRI/Psd
fragment from pLDL107 containing the 325 bp Sspl/Sau3A fragment from
nucleotide 117 to 440 of the oriT region (Fig. V1. 1) was incubated with IHF and
digested with DNase I The products of digestions were separated on a 6%
polyacrylafnide sequencing gel and are shown in Figure 3 B. Two protected regions
were identified; the first one between nucleotides 210 and 240 (IHFC) contains site
3; the second footprint, between nucleotides 315 and 375 (IHFB) had not been
pfedicted to contain a potential binding site. Instead it covers the second half of the

| third binding site of the TraM protein (Fig. VI. 1, sbmC).

‘From electrophoretic mobility retardation assays performed in the presence of
monopotassium glutamate and poly(dl-dC)poly(dI-dC), estimates of the binding
constants (Tsai et al., 1990) for the two sites were determined to be 2.4-‘107_ M-1for

IHFB and greater than 2.5-106 M1 for IHFC, respectively. The difference of two



orders of magnitude between the values of Ky for IHFB in the presence or absence
of monopotassium glutamate is reminiscent of the effect of glutamate on the

interaction of RNA polymerase with promoter sites (Leinmo et al., 1987).

3. Electron microscopy characterization of the IHF-oriT complexes
THF has been shown to cause a sharp bend in the DNA, which is visible in the
electron microscope (Kosturko et al., 1989). In order to visualize the complexes
between the oriT region and IHF, electron microscopy of carbon replicas of two
fragments of the oriT region (Fig. VL. 4, top) incubated with IHF was performed.
The electron micrographs showed DNA molecules that were bent at an angle of
more than 140° with a protein molecule bound to the apex. When the 742 bp Pvull
DNA fragment from pLDL101, containing the 440 bp EcoR1/Sau3A fragment from
the oriT region, was incubated with THF, 14% of the molecules (89 out of 632)
were bent (Fig. VI. 4, A), When the incubation buffer contained 0.1 M in
monopotassium glutamate, the percentage rose to 59% (181 out of 307) (Fig. VI. 4,
B). The 648 bp Pvult DNA fragment from pLDL107, containing the Sspl/Sau3A
fragment from the oriT region (nucleotides 117 10 440), which contains site 3 and is
missing site A (nucleotides 80 to 115), showed 1.7% (6 out of 357) bent molecules
in the absence of monopotassium glutamate (Fig. V1. 4, C); this increased to 59%

(246 out of 419) in its presence (Fig. V1. 4, D).

In order to localize the sites of binding of IHF, contour lengths of a number of
molecules from representative fields were measured. The position of the bend in 58
of the 742 bp long molecules corresponded to nucleotide 103 (+ 17 bp) in the oriT

map in the absence of monopotassium glutamate. Measurements of 83 of the
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Figure VI. 4
Electron microscopy of IHF-oriT region complexes. Top. Linear map of the DNA
fragments used in electron microscopy. The 742 bp and 648 bp fragments were
obtained by digestion of pLDL101 and pLDL107, respectively, with Pvull and the
fragments containing the oriT region were purified as described in Experimental
Procedures. The thick bars represent vector DNA (pUC18) and their lengths are
indicated below the line, the numbers above the map line represent the position in the
pED208 sequence (Chapter II). Bottom. Electron micrographs of representative fields
of IHF incubated with the two DNA fragmenis in the absence or presence of
potassium glutamate. A and B, the 742 bp fragment was incubated with IHF as
described in Experimental Procedures in the absence or presence of monopotassium
glutamate in the reaction buffer, respectively. C and D, the 648 bp fragment
incubated with IHF in the ébsence or presence of potassium glutamate in the reaction
buffer, respectively. The arrows indicate bent DNA molecules with an electron-dense
spot (the IHF protein) at the apex. The asterisk indicates a DNA molecule with two

bends.
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molecules incubated with IHF in the presence of monopotassium glutamate gave
similar values for the position of the bend (99 £19 bp). Thus the position of the
bend on the 742 bp long molecule, determined in the presence or absence of
monopotassium glutamate, corresponded to IHFA. When 78 of the 648 bp long
DNA molecules were measured, the position of the bend was found to correspond to
nucleotide 330 (£15 bp) on the oriT region map, which was in agreement with the
binding site for IHFB. A few molecules that showed two bends were identified.
Measurements of the contour lengths of the arms of the 742 bp (5 molecules) or 648
bp (11 molecules) long DNA fragments with two bends showed a random
distribution of the second bend and its position was not assigned. The histogram of

the results of the contour measurements are shown in Figure VI. 5.

4. The interactions of IHF and TraM with the oriT region are not co-
operative

It has been shown that the transfer protein TraM binds to three sites in the oriT
region of pED208 (Chapter II). Since IHFB and IHFC are adjacent to, or overlap
the TraM binding sites (Fig. VL. 5), the effect of incubating both THF and TraM with
the oriT region was investigated by means of DNase I footprinting. The EcoRl/Psd
fragment from pLDL102 containing the 189 bp fragmeni of the oriT region
incubated with either IHF or TraM ot both proteins together, was briefly digested
with DNase I and the producté of digestion separated on a 12% polyacrylémide
sequencing gel. IHF was found to bind to the high affinity site A, independently
from TraM binding to sbmB at position 150-189 (Fig. VI. 1), since the interaction
of one protein with the DNA was not affected by the presence of the other (data not

shown).
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A similar set of experiments was performed using the EcoR1/HindI1I fragment from
pLDL101 containing the 440 bp EcoRI/Sau3A fragment incubated with both
proteins in a reaction buffer containing 0.1 M monopotassium glutamate. Although
the two low affinity IHF binding sites (IHFB and IHFC) partially overlapped the
TraM binding sites sbmA and sbmC, no co-operative effect of binding was detected
(Fig. VL. 6). A short region within IHFB was not protected by IHF binding; this
divided the footprint into two smaller footprints; b' spanning between nucleotide 315
and 340, and b" between nucleotide 345 and 375. IHFB was not identified as a
possible IHF binding site by computer analysis of the sequence and, although it
contains a stretch of A and T residues (nucleotides 317 to 330, Chapter I), it has
very little homology to the consensus sequence. However, IHFB was protected by
lower concentrations of IHF protein than IHFC, which contains site 2 of high

omolegy to the IHF binding consensus sequence (Fig. VI. 1).

D. Discussion

This study demonstrate the interaction of IHF protein with the origin of
transfer of the F-like plasmid pED208. Electrophoretic mobility retardation assays
and DNase I protection analysis identify three sites of interaction; binding of IHF to
two of them could be visualized by electron microscopy as causing sharp bends in

the DNA.

The IHFA site is located between the putative site of specific nicking, based on
sequence comparison with the oriT regions of other F-like plasmids, and the first

binding site of the TraM protein (Chapter II). The location of this site is consistent



Figure VI. 6
DNase I protection of pED208 oriT region incubated with IHF and TraM. A. DNase
I protection analysis of 20.0 fmol of the EcoRI/Pst fragment from pLDL101 labeled
at the EcoRlI site (bottom strand). B. DNase 1 protection analysis of 16 fmol of the
Kpnl/HindIII fragment from pLDL101 labeled at the HindIlI site (upper strand).
Lane 1, free DNA. Lane G+A and Lane G, Maxam and Gilbert sequencing
reactions. The amounts of TraM and THF in each reaction are given in the box below
the footprints. The numbers at the left hand side represent the position in the sequence
from the EcoRl site in the oriT region. The footprinted regions are shown in brackets.

b' and b" indicate the smaller footprints discussed in the Results section.
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with a similar site found in F and R100 plasmids (Tsai et al., 1990; Dempsey and
Fee, 1990) (Fig. V1. 7), where the region between IHFA and the first TraM binding
site is the site of action of the TraY protein (Inamoto and Ohtsubo, 1990; Lahue and
Matson, 1990), which has been postulated to be part of the nicking complex together
with the Tral protein (Everett and Willetts, 1980). IHF binding to site A may bring
into close proximity the nick site and the TraYI complex bound to the DNA as
proposed by Inamoto et al. (1990), thus favouring efficient nicking and initiation of

DNA transfer.

Unlike many DNA-binding proteins, [HF decreases local negative supercoiling
by adding positive supercoils to the DNA (Snyder et al., 1989). If IHF binding
occurs in a region of the DNA that is a closed topological domain, the resulting
torsional strain is energetically unfavourable, and the neighbouring DNA will
undergo local untwisting in order to resolve the unstable configuration. This model
has been proposed for the mechanism of action of the intasome at the attP site of
phage A and it suggests a dual function for IHF: to bring into close proximity the
integrase binding sites and to promote untwisting of the DNA at attP, thus initiating

recombination.

It has recently been shown in the F system that negative supercoiling affects
the efficiency of nicking of the Tral protein at oriT (Matson and Morton, 1991;
Reygers et al., 1991). In conjugative DNA transfer, IHF binding to the oriT region
may create a metastable topological configuration that would be resolved by local

untwisting of the DNA to form a region of single stranded DNA (Travers, 1990);
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Figure VI. 7

Diagram of the interactions at the oriT region of the IncF plasmids pED208, F and
R100. The data on pED208 are based on this as well as Chapter II, the data on the F
oriT region are based on published work (Reygers et al., 1991; Lahue and Matson,
1990, Tsai et al., 1990) as well as Chapter IV. The data on the R100 oriT region are
taken from Inamoto and Ohistbo (1990), Dempsey and Fee (1990), Inamoto et al.
(1990), Abo et al. (1991), Inamoto et al. (1991). The 5' end of the F ori T region is
the Bglll site at 66.7 kbp on the map of F (Willetts and Skurray, 1980), for the
R100 oriT region is the_, Xholl site (Inamoto et al., 1991) and for the pED208 onT is
the EcoRI site (Chapter I). The 3' end of all the oriT tegions corresponds to the
ATG start codon of traM.



this would then be a suitable substrate for nicking and initiation of DNA transfer.
Interestingly, the sequence between IHF and the TraM binding sites is AT-rich and
is the binding site for the TraY protein. This would also support the idea that the role
of IHF is two-fold; to bend the DNA and to promote unwinding of sequences next
to its binding site. The role of TraY could then be seen as maintaining this

underwound sequence.

In the pED208 system, the traY gene product as well as the oriT site have not
been characterized, although a region encoding an open reading frame of high
homology to the TraY protein of F and R100 has been identified (Finlay et al,,
1986). The region between IHFA and sbmB of pED208 oriT region could
accommodate binding of the TraY protein in analogy to what is seen in the F and
R100 systems (Inamoto and Ohtsubo, 1990, Lahue and Matson, 1990) (Fig. VL. 7).
Comparison of the sequences of the oriT regions of several F-like plasmids suggésts

that pED208 oriT nick site may be located around nucleotide 60 (Chapter II).

Since the sequence periodicity of the TraM binding motif is also greater than
10.5 bp {11-12 bp) (Chapter 11), the TraM protein may, like IHF, add positive
supercuils (Travers, 1990) and further increase the unwinding of the neighbouring

DNA.

Electron microscopy of purified TraM protein bound to the oriT region was
also performed (data not shown). The TraM protein, when present predominantly as
tetramers, did not bend the DNA. However, at higher cohcentrations of proteins,

aggregates of TraM were visible, which appeared to shorten the length of the DNA
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molecules significantly (50 bp/ aggregate) upon binding to the DNA. The
significance of the compaction of the DNA by TraM is not known, but resembles the

activity of the TraK protein in the RP4 relaxosome (Ziegelin, 1989).

The other two sites of interaction of IHF with the oriT region could be
localized only in the presence of mohopotassium glutamate in the reaction mixture.
This salt is present in cells at a physiological concentration of between ~0.03 and
~0.25 molal and is known to increase the affinity of DNA-binding proteins for their
target DNA (Leirmo et al., 1987; Richey et al., 1987). The function of these sites is
not clear at this moment. We propose that IHFC, which is located between two
TraM binding sites, might facilitate the interaction of TraM molecules bound at the
two different sites or providé two binding sites for the same TraM molecule, which

is a tetramer of the same subunit (Chapter V).

A fraction of the DNA fragments containing the oriT region of pED208

196

showed abnormal mobility in non-denaturing gel electrophoresis. The percentage of

DNA molecules with decreased electrophoretic mobility ranged between 5% and
50%, as the monopotassium glutamate concentration increased from zero to 0.2 M in
the reaction buffer (data not shown). Decreased electrophoretic mobility is a typical
~ feature of bent DNA (Hagerman, 1990) and it has been recently shown by Tsai. etal
(1990) that the oriT regidn of F has two bends. Bending of the oniT region may be a
common feature ambng the F-like plasmids and may play a role in the transfef
process. However, the number aﬁd the location of the bend(s) in the pED208 oriT

region is not known.



In the F and R100 systems (Tsai et al., 1990; Dempsey and Fee, 1990) a second
IHF binding site has been identified in the oriT region; this site has low affinity for
IHF and is located between two TraM binding sites (Fig. V1. 7), corresponding to
the site with the lowest affinity (IHFC) for the IHF protein in the pED208 oriT

region.

It was shown in Chapter 11 of this thesis that sbmC contains a region
(nucleotide 310 to 330) which is partially protected from DNase I digestion and i§
delimited by hypersensitive sites (Fig. VL. 1). This region is protected by IHF and
corresponds to IHFB. The importance of this region of overlap between TraM and
IHF binding sites is not clear; however IHF binding to IHFB may play arole in the

regulation of the expression of the traM gene.

DNase I protection analysis of the oriT region incubated in the presence of
both IHF and TraM did not show any co-operative effect between the proteins,
suggesting mdependent interaction with linear DNA. It is possible that IHF could
have a higher affinity for [HFB and THFC in supercoiled DNA and could affect traM
gene expression by changing the local level of supercoiling. We are curremly
investigating the effects of THF on the expression of traM and other fra genes in
vivo. While IHF- strains have been shown to have decreased transfer efficiency of F
and R100 (Dempsey, 1987; Gamas et al., 1987a), similar experiments were not
possible with pED208 since the plasmid was unstable in the [HF- strains described
by Gamas et al. (1987a).
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CHAPTER VII
Final Conclusions

Ten years ago TraM was believed to be encoded by an open reading frame
adjacent to the on'T region (Thompson and Taylor, 1982). Because F fraM" mutants
produce pili and AoriT* transducing phages from these cells have nicked genomes, it
was thought that the TraM function was associated with the actual process of DNA
transfer (Everett and Willetts, 1980; Kingsman and Willetts, 1978). In 1987 there
were rumors that F TraM had been exiensively characterized and publication of those
results was imminent, thus my project dealt with the traM gene of the F-like plasmid
pED208 with a view to comparing the two systems. The dataon F TraM were never
published, and in 1989 after a meeting on conjugation organized by Dr. Karin
Ippen-Thler at Texas A&M, I cloned the F traMiigene and started the characterization

of the F gene product as wel! as pursuing the purification of pED208 TraM.

In this Chapter I would like to address some of the questions that remain

unanswered and suggest future research.
A. pED208 Plasmid.

Very little is known aboeut this plasmid. Most of the work was performed in
Dr. Paranchych's laboratory and dealt with the characterization of the pilus, the pilin
subunit and the definition of an epitope (Worobec et al., 1985). Only a handful of tra
genes have been sequenced and they show similarities to the tra genes of F (Finlay et



al., 1983; 1986a; 1986b; Chapter 1) suggesting a common mechanism of
conjugation for F and pED208.

The characterization of the factors interacting at the oriT region of pED208,
when compared with the system of other F-like plasmids, will help elucidate the
relationship between the transfer operon and the oriT region. The traY operon
contains the genes necessary for pilus biosynthesis and assembly and some of the
genes involved in DNA transfer; in particular, the first gene of the operon, tray, is
interesting because of its postulated dual function: (1) as a component of the nicking
complex (Willetts and Wilkins, 1984), and (2) as one of the regulators of the
expression of the transfer operon, (Inamoto et al., 1990). Therefore traY gene

expression may co-ordinate pilus biosynthesis with conjugal DNA metabolism.

In pED208, transfer operon expression is derepressed as a result of the
insertion of an IS2 element at the heginning of the traY gene. It is presently unclear
whether pED208 produces a truncated TraY protein, missing the first 13 amino
acids, or whether it does not have a functional traY gene product. If the latter
hypoihesis is true, how does the nicking complex of pED208 work? Is TraY protein
necessary? One of the advantages of pED208 over F is that the former has a
naturally repressed counterpart Fylac, which has been shown to be identical to

pED208 in the traY region except for the IS2 element (Chapter II).

Until the genetic map of the tra region of pED208 is known and a collection of
tra mutants is obtained, it will be difficult to elucidate the pED208 TraM function in

conjugation, since TraM is plasmid-specific. Nevertheless, the biochemical



characterization of pED208 TraM may provide us with useful information on the

structure and functional domains of the proteiri.

The amino acid sequence alignment of the five homologs of TraM (Fig. VIL. 1)
‘shows a high degree of sequence identity among the proteins, with most of the
differences occurring at the amino terminal end. This suggests that the amino
terminus comprises the DNA binding domain, since the known TraM proteins
recognize different sequences (Abo et al,, 1991; Schwab et al., 1991a; Chapter II
and IV). Deletion mutations and site-specific mutations will aid in identification the
amino acids involved in DNA recognition, in multimerization, and in signalling to

start DNA transfer.

Two aspects of the in vitro characterization of the interactions of TraM with the
oriT region are puzzling. First, it is not clear why it is necessary to add a vast excess
of TraM to the oriT region to detect a shift in DNA mobility in gel electrophoresis,

and second, why the DNA-protein complexes appeaf as broad bands.

TraM may interact with the oriT region without causing a change in the
mobility of the DNA (under the conditions employed), until the concentration of

TraM in the reaé;ion tube is such that it forms aggregates, which may promote DNA
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looping, resulting in an all-or-none electrophoretic mobility effect. This .

electrophoretic behavior is typical of proteins that bind DNA in a co-operative

fashion. Looped DNA structures were observed with tiie electron microscope when

coricentrated samples of TraM were used in binding studies with the oriT region
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Figure VII 1 .
Amino acid sequence alignment of the five TraM prototypes. The amino acids are
reported in one-letter code and colour-coded according to the nature of the side chain
(blue for basic residues, red for acidic residues, green for hydrophobic, brown for
aromatic, yellow for polar, etc.). The five sequences were aligned by Dr. Laura
Frost and Brett Finlay and they represent the TraM protein of the following
plasmids: I=F, I=ColB4, IlI=R1, IV=R100 and V=pED208. The software for this
Figure was developed by David Bacon in Dr. Wayne Anderson's laboratory

(Department of Biochemistry).



(discussed in Chapter VI). Two additional pieces of evidence support the co-
operative binding of TraM molecules to the oriT region: (i) retardation assays of
aliquots taken from DNasel protection reactions do not show retardation on native
gel electrophoresis, but do show footprints on sequencing gels (data not shown);
and (ii) electrophoretic mobility retardation assays of IHF incubated with the oriT
region, performed under the same conditions as TraM binding assays, showed

discrete retarded bands (Chapter VI).

Crystals of pure TraM have been grown and, although of acceptable size, they
diffract poorly (Dr. R. Read, personal communication). The reasons for this are not
known, bur gel exclusion chromatography of the purified protein sample confirmed

a homogeneous population of tetramers (A. Boodhoo, personal communication).

The oriT'regiion of pED208 contains a large number (17) of similar pentameric

sequences evenly spaced within the TraM binding sites (Chapter II). Studies using;
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synthetic oligonucleotides showed TraM bound to pairs of these sequences which

were separated by one turn of the DNA helix (Chapter III). The minimal binding
sequence recognized by TraM Should provide a suitable substrate for the
crystallographic analysis of the interactions between the amino acid residues
involved in DNA binding. Before attempting to co-crystallize TraM with double-
stranded oligbnﬁcleotides, further characterization of thev sequence-specificity of the

synthetic DNA-substrate is required. Competition assays of TraM binding to the

double-stranded template T-T/A-A using template T-A duplex as competitor and .

retardation assays of TraM binding to oligonucleotides with sequences identical to

sbmA shpﬁld determine which is the optimal binding site.



Moreover, the stréngth and stochiometry of TraM binding to the oligonucleotides
needs to be elucidated. The electrophoretic mobility retardation assays shown in
Chapter III did not clarify the number of DNA binding sites present per TraM
tetramer, because the labeled DNA was in limiting amounts. Electrophoretic mobility
retardation assays of the oligonucleotide-TraM complexes in which the TraM
concentration is kept constant, while the amount of labeled DNA is increased, would
determine the molar ratio of tetramer protein to DNA, at which the TraM binding
sites are saturated. In addition, the rate of TraM binding to the oligonucleotides was
not determined. Thus, it is possible that TraM interaction with the oligonucleotides is
a rapid exchange between bound and unbound forms, whereas the interaction with
the oriT region may have a longer half-life with smaller binding constants. Binding
assays performed over a period of several hours will allow the estimation of the

exchange rate constants.

Finally, regulation of the expression of the traM gene is an issue barely
touched by the results presented in this thesis, but nevertheless a very important
aspect of the regulation of the whole conjugative process. The promoter region of
pED208 traM has not been mapped and it is not known if one (like in F, Thompson
and Taylor, 1982) or more transcripts (like in R1 and R100, Koronakis et al., 1985;
Dempsey, 1989) are produced.

B. F Plasmid

The F plasmid is considered to be the paradigm of all conjugative plasmids

(Willetts and Skurray, 1987). Unlike pED208, a wide number of mutants have been
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created and among them there is a traM- mutant (Flac traM102). Very little is known
about this mutant except that it is not a nonsense mutation and it does not affect
ColE1 mobilization (Van de Pol et al., 1978; Willetts, 1980). Characterization of the

phenotype of the mutant may help understanding the function of TraM.

A minimal binding site for F TraM could not be identified easily in the F oniT

“region in analogy to pED208 TraM. F TraM may interact with its binding sites
differently than pED208 TraM does. In the F oriT region only two pairs of the ten

GGPyGC sequences are 12 bp apart and they are found in the higher affinity sites

| sbmA and sbmB located in the traM promoter region (see Chapter IV, Fig. IV. .

The DNase I protection patfem of the oriT region differs between the two plasmids.

pED208 TraM binds equally to both DNA strands whereas F TraM appears to prefer

one strand; the order of binding to the sbm sites is also different.

Both proteins tend to form aggregates at high concentration as shown by the
sedimentation equilibrium studies. This feature is shared with R1 TraM (Schwab et
- al., 1991a). The intracellular concentration of TraM is not known; thus it is unclear
if aggregation occurs in vivo or is an‘ artefact of the pufificatiori procedure.
Sedimentation velocify analysis of TraM would identify the critical concentration that
causes aggregation and comparison with the intracellular concentration of TraM

would clarify this aspect .

In studies on the characterization of the interactions of the F TraM protein with
the F oriT region, the protein was found to bind to a sequence in the mobilizable

plasmid ColE1 oniT region; which is homologous to the sbmC site in the F oriT



region (Willetts and Wilkins, 1984; Thompson et al, 1984) (Chapter 1V). ColEl
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plasmid encodes the genes necessary for the nicking reaction and plasmid-DNA

mobilization (mob genes) but it cannot transfer unless a conjugative plasmid is
present (Warren et al., 1979). Furthermore, ColE1 can be mobilized by a limited
range of conjugative plasmids (Reeves and Willetts, 1974), implying that other
functions, beside the establishment of a "tunnel" between the mating cells, are
required for triggering plasmid mobilization (Willetts and Wilkins, 1984). One of
these functions could be the putative mating signal protein TraM. The results
presented in Chapter IV suggest the involvement of TraM protein in the DNA

transfer of ColE1 plasmid.

The immunoblots of cell fractions may be a very sensitive assay to elucidate
the function of TraM in DNA transfer. The amount of TraM found associated with
the membrane fraction increased in the prusence of the oriT region and the F plasmid
(discussed in Chapter IV). Thus TraM localization in strains carrying mutations in
different tra genes may identify the factor(s) responsible for anchoring TraM to the
inper membrane. The genes that I would be most interested in assaying would be
traY and traD, followed by traG and traN. The lack of a traY mutant (Willetts and
Wilkins, 1984) suggested either lack of a phenotype or a lethal mutation. The effect

of a null mutation in traY has not been adequately determined.

One of the limitations of the in vitro experiments presented in this thesis is that
the characterization of the protein binding was performed on linear DNA fragments.
Recent data on Tral (Reygers et al., 1991; Matson and Morton, 1991) showed that

supercoiling is necessary for Tral activity; it is therefore possible that the local



supercoiling of the oriT region influences TraM interaction with this region or vice
versa. In vivo "footprinting” of donor cells or mating cells may answer this

question.

In vitro studies aimed at reconstituting the multiprotein-DNA complex acting at
oriT would help to elucidate the role played by each protein and the protein-protein
interactions in analogy to what has been shown in the promiscuous plasmid RP4

(Pansegrau et al., 1990b).

During conjugation mediated by the promiscuous plasmid RP4, specific

transfer gene products interact with the oriT region and assemble a protein-DNA
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complex called the plasmid DNA-protein relaxation complex or "relaxosome”. All -

the factors involved in relaxosome formation are encoded by the "relaxase 6p¢ron"
which is 3' from the nick site, as is the transfer region of F-like plasmids (Ziegelin et
al., 1991). Four RP4 proteins have been implicated to be involved in relaxosome

assembly: Tral, TraH, TraJ and TraK (Ziegelin et al., 1989; Furste et al., 1989;

Pansegrau et al., 1990b; Zieg:lin et al., 1991). These prdteins have been purified

and used for in vitro relaxosome-reconstitution experiments (Pansegrau et al.,

1990a).

The proposed model of relaxosome assembly involves the following steps.
The TraJ protein binds to an imperfect 19 bp long inverted repeat (Ziegelin et al.,
1989); this step is essential for binding of the next protein, Tral, to the oriT region.

~ Tral possesses potential site- and strand-specific endonuclease activity. Upon

treatment of RP4 relaxosomes with protein denaturing agents, open circular species .



are isolated that have a covalently bound Tral protein at the 5' end of the nicked
DNA strand (Pansegrau et al., 1990b). The oriT site was mapped one turn of the
DNA helix away from the Tral protein binding site, suggesting interactions between
TraJ and Tral (Pansegrau et al., 1990b). The interactions between Tral and TraJ are
stabilized by the action of the acidic protein TraH, which does not have DNA
binding activity and has been shown by centrifugation on glycerol gradients to form
stable complexes with Tral and TraJ in the absence of DNA (Pansegrau et al.,
1991). The TraK protein which has been shown to be essential for DNA transfer in
vivo, may also play a role in relaxosome assembly. TraK binds to a 200 bp long
sequence in the oriT region of RP4 and wraps the DNA into nucleosome-like
structures around a central core of protein as shown by electron microscopy
(Ziegelin et al., 1991). It has been proposed that this structure may induce
topological changes in its vicinity, which would increase the yield of relaxed

intermediates (Pansegrau et al., 1991).

The similarities between TraK of RP4 and TraM of F and pED208 plasmids
are striking. The proteins exhibit anomalous behavior in electrophoretic mobility
retardation assays; they show an all-or-none DNA binding aciivity in gel
electrophoresis and DNA-protein complexes appear in the presence of large excesses
of protéin over DNA. The binding region of TraK was identified on an intrinsically
curved DNA segrrient and .the binding sites were found to be spaced by one turn of
the DNA helix (Ziegelin, et al., 1991). TraK appears to have multiple functions in
RP4-mediat¢d DNA transfer. It is required to obtain transconjugants, raK™ mutants
show a =200-fold reduction in transfer efficiency, and although it is not necessary

for the nicking reaction, TraK increases the efficiency of the reaction both in vitro
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and in vivo. It is not known if TraK has a signalling function similar to TraM.
Amino acid sequence comparison between F TraM and TraK of RP4 do not show

sequence homology (Dr W. Pansegrau, personal communication).
C. The Icarus Model

On the basis of the data presented in this thesis and published by other groups,
plus many long conversations with Dr. Laura ("Daedalus") Frost, I would like to
‘present a model for the conjugal transfer of DNA. This model is called Icarus
because, like the mythological hero, it is ¢~ ing to fly with wings that are not very

strong and may not survive the heat of the Sun.

In non-mating donor cells, TraM concentration builds to a level where the
protein binds to sbmA and sbmB, thus repressing its own expression (Schwab et
al., 1991b). It is partitioned between the cytoplasm and the inner membrane,
although the site of binding in the membrane is not known (Chapter II and IV).
Meanwhile TraY]1 in the membrane nicks and ligates oriT in a reversible manner
(Everett and Willetts, 1980), or it nicks and is bourd to the ends like type I
topoisomerase-DNA complexes but without the strand exchange. At any given time

there is an equilibrium between the two states represented in Fig. VIL 2 (A and B).

Once the mating pair is formed and stabilized, the small amount of TraM in the
membrane is modified/released and binds to sbmC, separating Tral from TraY (Fig.
VII. 2, C), or TraM binding to sbmC forms a nucleosome-like structure (analogous

to TraK in RP4) which would change the topology of the oriT region locally (Fig.



70-80 Tral

Fig. VIL 2

The Icarus model. A schematic diagram of the model discussed in the text is
presented. For simplicity the diagram does not indicate the mating pair junction or
the complementary DNA strands. The plasnlid?encoded proteins Tral (I), TraY (Y)
and TraM (M) as well as the host factor IHF are indicated.



VIL 2, D) and might prolong the life time of the nicked species. TraM binding to
sbmCresults in the inhibition of the ligase activity in Tral; thus the Tral molecule is
converted to a covalently bound form to the 5' end of the nicked strand (Willetts and
Wilkins, 1984), and aggregates with 70 to 80 Tral molecules to make the helicase
complex (Abdel-Monem et al., 1977). The Tral agglomerate unwinds the nicked
strand and presents it to TraD at the junction between the mating cells (Willetts and

Wilkins, 1984).

Once most of the nicked strand has been transferred into the recipient cell, the
helicase unwinds the TraM binding sites and displaces TraM from the sbmC site
thus re-activating the ligase activity of the TraYI complex and the 5' end is ligated to
the 3' end before leaving the donor cell (Fig. VII. 2, E). This mechanism resembles
stage II of the replicatior of bacteriophage $X174. In this system, the supercoiled
double-stranded form of the phage genome is used as template for the synthesis of
new viral genome copies. The viral gpA protein initiates the replication process by
introducing an endonucleolytic cleavage on one of the strands at the origin of
replication. gpA binds covalently to the 5' end of the cleaved DNA strand of the
replicative form I (RFII). The E. coli rep protein then binds to gpA of the RFII-gpA
complex and unwinds the double-stranded DNA. The 5' end which is covalently
attached to gpA travels along the replication fork in a looped rolling-circle, whereas
the 3' end is used by tbé DNA polymerase III holoenzyme as primer for the
synthesis of the complementary strand. When one round of thé looped rolling-circle
synthesis of the viral strand is completed, the gpA bound at the 5' end of the parental
viral strand cuts the viral strand at the newly synthesized origin and rejoins the two

parental strands to generate circular viral DNA (Arai et al., 1981).



TraM is expressed and binds to the newly replicated double-stranded sbmA and
sbmB sites as well as to the unknown receptor in the membrane of the donor cell

waiting for the next mating pair to be formed.

Integration Host Factor plays a dual function in this model: first, by bending
the DNA between the TraY binding site and the oriT site, it brings the two sites into
close proximity, thus stabilizing the interactions between the TraY1 nicking complex
and the oriT site, and second, it may prevent the free 3' end of the nicked strand

from unwinding.

The mechanism of TraM binding to the oriT region may be analogous to the
interactions of phage A repressor with its operators. The repressor is a dimer of a
polypeptide of 27,000 Da. The amino terminus contains the DNA binding domain
whereas the carboxy terminal domain is responsible for multimerization. The
repressor regulates the expression from two divergent promoters Pg and Py, which
control the "genetic switch" between the lytic and lysogenic states of A phage. The
right and left operators (Or and O) each contains three binding sites for the
repressor, which binds to the first two sites of each operator co-operatively. Co-
operative binding to the two sites is the result of the interactions between the carboxy
terminal domains of repressor molecules bound to these sites. The repressor has
higher affinity for the first site of each operator compared to the second site, and
binding to the latter is increased by the presence of repressor bound to the first site.
Co-operativity does not take place when the repressor binds the third site, because
the distances between the second and the third sites do not allow inter-chain contacts

between the carboxy termini of repressor molecules dound at these sites. At



concentrations usually found in a lysogen, two sites are occupied in each operator
region but not the thurd one. The balance between lysogeny and the lytic cycle
depends on the cellular concentration of repressor. Intact repressor is present in the
cell at a concentration sufficient to ensure that the first two sites of each operator are
occupied. Under these conditions, the amino terminus of one of the repressor
subunits bound to OR> interacts with RNA polymerase and promotes expression of
its own gene. When the intracellular concentration of repressor is high enough, the
repressor binds to the third site Or3 and prevents RNA polymerase from binding to
the repressor maintenance promoter (PRm) promoter, which overlaps the right
promoter, thus turning off the expression of the repressor gene. Like the A
repressor, TraM binds two sites (sbmA, sbmB ) with higher affinity compared to the
third site (sbmC). It is not known if binding to sbmA and sbmB is a co-operative
event and it would be interesting to create mutations of these sites and analyze the
interactions of TraM with the mutated sited in analogy to what has been done in the
A system. Unlike the A repressor, which activates its own gene expression, TraM
binding to the first two sites may prevent RNA polymerase from binding to the raM
promoter, thus maintaining a limiting amount of protein in the cell. Binding to the

third site would be "the switch" to start DNA transfer.

The basic questions "What is the function of TraM? Does TraM signal that
transfer can start? How does it signal that transfer can start ?" remaih unanswered.
The "link" between the establishment of the mating pair and the initiation of DNA
transfer is presently unknown. During the first steps of conjugation (Recognition,
Attachment, Retraction and Stabilization, Fig. I. 2) the conjugative pilus plays an

essential role. It is possible that the pilus itself or one of the factors involved in pilus



assembly acts as the signal: for example, TraM or its "anchor" to the membrane may
sense the accumulation of pilin suburits in the membrane as a result of the retraction
event, causing the release/modification of TraM from the membrane and consequent

binding to the ori T region.

The similarities between the Tral, TraJ and TraK proteins of the promiscuous
plasmid RP4 and the F-encoded Tral, TraY, and TraM, respectively, suggest a
common mechanism of conjugal DNA transfer. Furthermore, the tumor-inducing
plasmids and the mobilizable plasmids have mechanisms of DNA mobilization that
are similar to the conjugative plasmids, suggesting that the wide spectra of genc

transfer mechanisms observed in nature may have evolved from a common ancestor.

"The greatest part of happiness is wisdom;
..... and wisdom we learn only when we are old"

Sophocles, Antigone
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