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INTRODUCTION

Cell Surface Structure

The envelope surrounding the bacterial cell may be mechanically
separated into an outer wall and an inner cytoplasmic membrane. This
artificial division of the cell envelope is further emphasised by
differences in the structure and function of the two entities. Thus
the outer wall is composed of a firm rigid layer underlying two
relatively soft, flexible layers (Weidel, Frank and Martin, 1960).
The outermost layer of this is a protein-lipid complex, the middle
entirely polysaccharide, whilst the innermost layer, the R-layer,
obtains figidity froﬁ a composition of glycoéaminopeptide‘aﬁd a
proteinaceous particulate substance (Martin and Frank, 1962). The
R-layer provides the cell with mechanical rigidity, whereas the
metabolically inactife outer layers give resistance to the high
internal osmotic pressure of the cell contents. The antigenic and
endotoxic properties of the cell have been shown to be derived from
the outer wall (Weidel and Primosigh, 1958).

The inner cytoplasmic membrane is a protein-lipid complex, and
is in intimate contact with the cell cytoplasm (Kellenberger and
Ryter, 1958). 1In earlier studies, the cytoplasmic membrane was
thought to be principally involved in osmoregulation in the cell,

but evidence accumulated in recent years indicates several additional



essential involvements in cellular metabolism.

Cell Membrane Function

(a) DNA replication, DNA synthesis and cell division

It has been proposed (Jacob, Brenner and Cuzin, 1963; Ryter,
Hirota and Jacob, 1968) that the regulation of DNA synthesis in the
bacterial cell, and the separation of daughter chromosomes at cell
division is dependent on the association of the bacterial chromosome
to a specific fraction of the cell membrane. If the membrane does
have a role in cell division and chromosome replication in Escherichia
coli attachment of the DNA to the membrane may therefore be anticipated.
Yet until recently, cytological preparations showing contiguity between
membranous infoldings comprising the mesosomes had only been obtained

with the gram positive bacterium, Bacillus subtilis (Ryter and Jacob,

1964; Ryter and Landman, 1964). However direct cytological connection
between the nucleus and mesosome of E.coli has since been demonstrated
(Ryter and Jacob, 1966; Ryter and Jacob, 1967; Ryter, 1968).
Additional evidence in support of these observations has come
from Ganesan and Lederberg (1965) with the isolation of a cell
membrane bound fraction of bacterial DNA from B.subtilis by gentle
breakage of the cell followeéd by sedimentation of the DNA-membrane
complex by sucrose gradient centrifugation, Since the DNA-membrane

fraction isolated had DNA polymerase activity, they prdposed that the



cell membrane also had an active role in the synthesis of DNA.
However Rosenberg and Cavalieri (1968) have indicated that from the
unusual shear seunsitivity of DNA of the E.coli genome and the
location of phospholipid binding, DNA has not one but several
attachment points to the cell membrane. They conclude that DNA is
not attached to any one specific site on the cell membrane, and no
unique cell membrane fraction is implicated in the regulation of
DNA replication. In contrast Earhardt, Tremblay, Daniels and
Schaechter (1968) have recently isolated a membrane/DNA complex
without recourse to the sedimentation properties of the two cell
components or the shear sensitivity of the E.coli genome. By their
technique, dependent on the ability of the attached membrane fraction
to adhere to the hydrophobic surface of detergent crystals, they
have biochemically and cytologically demonstrated the attachment of
cell DNA to a specific membrane fraction.

A role for the membrane in replication of DNA in B.subtilis
has also recently been suggested by Sueoka and Quinn (1968). They
demonstrated that the membrane fraction is most enriched after
sucrose gradient centrifugation, for DNA transferring 223;6, the
marker closest to the chromosome origin (Yoshikawa and Sueoka, 1967).
This suggests that the origin is, in fact, membrane-attached. Further-

more, they found that the membrane fraction is greatly enriched after



lysis and centrifugation, for tritium used to label the origin,
relative to 1l"C used to uniformly label the DNA of the cell. This
supported their genetical results and they concluded that the origin
of replication of the chromosome is attached to the membrane.

The cell membrane has also been implicated in the replication
of phage DNA. Thus it was found by Knippers and Sinsheimer (1968)
that the only molecules of bacteriophage @X174 which replicated in
the cell were attached to a rapidly sedimenting component, presumably
membrane. Furthermore Denhardt and Burgess (1968) have suggested
that fixation of the DNA of phage @X174 to the membrane may
actually mean that the membrane actively participates in the repli-
cation of phage DNA. Similar membrane attachment sites have also
been reported for A (Salivar and Sinsheimer, 1969) and for the DNA
of phage T in infected cells (Earhardt, Tremblay, Daniels and
Schaechter, 1968). 1In the latter case, electron micrographs of
cytological preparations displaying the attachment of phage T4 DNA
to a membrane fraction have been successfully prepared (Daniels,
personal communication).

(b) Protein synthesis

Evidence now indicates that the cell membrane also has a role
in macromolecular synthesis in that the sites of protein synthesis
in the cell, the polyribosomes and ribosomes, appear to be bound to

the membrane. For example, Schlessinger (1963) has isolated poly-



ribosome/membrane complexes of Bacillus megaterium, and in E.coli,

electron micrographs of membrane ghosts (Abrams, Nielson and
Thaement, 1964) have indicated the presence of ribosomes in the

cell membrane. Furthermore, the membrane fraction isolated by
Tremblay, Daniels and Schaecht:?fgas been found to contain polysomes
in addition to a DNA/RNA complex. However it is not yet known
whether the membrane has a role in protein synthesis other than

presumably co-ordinating the activity of the ribosomes.

(¢) Oxidative phosphorylation

The isolation of a membrane fraction with associated ATPase

activity from Micrococcus lysodeikticus (Munoz, Freer, Ellar and

Salton, 1968) suggested an involvement of the membrane in energy
metabolism in the cell. Previously, cytochemical studies (Iterson
and Leene, 1964; Kawata and Inove, 1965; Steed and Murray, 1966)

have demonstrated that various oxidation—reduction reactions in the
bacterial cell take place either in the membrane or in membranous
infoldings which comprise the mesome of the bacterial cell. Futher-
more, Marr (1960) has describéd the location of cytochromes comprising
part of the electron transport system, and respiratory enzymes such as
myokinase, ATPase and polynucleotide phosphorylase in the cell membrane.
Thus a structural organisation may well be common to both mitochondria
and the bacterial membrane, with the membrane possibly co-ordinating

redox actions within the cell.



(d) Sugar transport and metabolism

Certain enzymes involved in the phosphorylation of sugars have
been found to be associated with the cell membrane. An example is
alkaline phosphatase, released by the lysis of bacterial cells after
sucrose and EDTA treatment (Nossal and Heppel, 1966), which has been
shown to participate in the transport of sugars by isolated membrane
preparations of E.coli (Kaback, 1968).

(e) Site of enzyme attachment

Enzymes with a variety of metabolic functions have been found
to be associated with, or bound to the cytoplasmic membrane of the
cell. These include the degradative enzymes alkaline phosphatase,
cyclic phosphodiesterase and 5-nudeotidase. These can be released
by sucrose and EDTA treatment of bacterial cells which releases cell
surface layers without affecting the integrity of the cell membrane,
thereby not promoting the release of cell contents. In addition,
alkaline phosphatase (Malamy and Honecker, 1964), the deoxyribonuclease
endonuclease I and a yet unidentified exonuclease (Obinata and
Mizuno, 1968) have been found to be membrane attached, located in
the periplasmic space between the cell wall and the membrane. The
surface location of these enzymes contrasts to, for example, exo-
nuclease I (Obinata and Mizuno, 1968), and endonuclease II (Friedberg

and Goldthwaite, 1968) which are found within the cytoplasm and are



not released by light osmotic shock of the cell,

(f) Permease synthesis and function

The cell membrane is thought to be the active site of a variety
of permeases in E.coli. Thus the membrane has been suggested to be
the seat of bacterial permeases (Cohen and Monod, 1967), to partici-
pate in the synthesis of, for example, the ﬁlgalactosidase permease
(Tarlov and Kennedy, 1965) and to contain amongst others the hexose
phosphate transport system (Winkler, 1966) and the phosphotransférase
system (Kundig, Ghosh and Roseman, 1964).

(g) Lipid synthesis

The cell membrane is also thought to control the synthesis of
lipids in the cell. Thus lipid synthetase enzymes are membrane bound
(Hildebrand and Law, 1967; Kanfer and Kennedy, 1963) and transmethyl-
ation in the biosynthesis of fatty acids is thought to take place in
the cell membrane (Law, Zalkin and Kaveshino, 1963; O'Leary, 1965).

Implicit in all these reports is a picture of the cytoplasmic
membrane not as a homogenous structure of identical repeating
lipid-protein subunits, but as a matrix of repeating subunits contain-
ing a mosaic of many different functional sites involving the
regulation and activity of major synthetic processes. An analytical
study of the organisation of the membrane is therefore critical to
an understanding of cell metabolism and the co-ordination of cellular

functions.



One approach to the study of membrane organisation may be
through the isolation of membrane fractions with associated structures,
a¢ developed by Nagata, Shibuya and Marus (1967). A second approach
may be through the use of drugs specifically causing damage to the cell
membrane. For example, Silver and Levine (1968) have shown that the
steroidal diamine IDA acts directly on the cell membrane. Thus
alteration of the permeability of the cell to K* ions can be attribut-
ed directly to effects of IDA on the transport system located in the
cell membrane (Silver and Levine, 1968)

A third approach may involve the use of certain basic dyes, for
example, acriflavine. The seat of acriflavine resistance in E.coli
is thought to be the cytoplasmic membrane, and resistance has been
demonstrated to be determined by a chromosomal gene (Nakamura, 1968).
Thus mutants of E.coli, sensitive to acriflavine, may be examined
morphologically, cytologically and biochemically for cytoplasmic
membrane damage.

Yet a further method may be through the medium of agents which
specifically iqterfere with macromolecular processes within the cell,
and which, as indicated above, appear to be located in the cytoplasmic
membrane. One such class of compound is the group of naturally occurr=-

ing protein antibiotics, namely colicins.



Colicins

Definition of Colicins

Colicins and othe bacteriocins were defined by Jacob, Lwoff,
Siminovitch and Wollman (1951) as highly specific antibacterial
proteins elaborated by certain strains of bacteria and active against
other strains of the same species. They generally consist of lipo-
polysaccharide/protein complexes, with the protein moiety as the
active agent, and differ from conventional antibiotiecs by a unique
action with sensitive cells and a very limited spectrum of activity.
Strains capable of elaborating colicins (Col+) are said to be
colicinogenic.

Historical Background

The first real impetus to astudy of bacteriocins came from
Gratia in 1925, when he reported the inhibition of growth of

Bact. coli phi by a substance in the growth medium of Bact.coli V.

The substance, "Principle V', was non-antigenic, inhibitory at a

one hundred—fold dilution, and the absence of plaques excluded phage
action. In further experiments Gratia (1932) demonstrated that

the higher the growth rate of E.coli V, the greater was the production
of "Principle V". These pioneer studies encouraged search for other
strains capable of the production of similar antibacterial agents.
Large numbers of such compounds were found, and the variety of

principles isolated were characterised. It was then found that



these principles, namely colicins, were elaborated only from strains
carrying an extrachromosomal determinant of colicin production, the
col factor.

Colicinogeny and Colicin Induction

These genetic determinants, the col factors, were found to
exist as stable plasmids not integrated into the chromosome (Nagel de
Zwaig, Anton and Puig, 1962; Clowes, 1963; Nagel de Zwaig and Puig,
1964). The colE factors from respective strains of E.coli have
recently been characterised and shown to exist in supercoiled DNA
forms, approximately 1/100 the size of the E.coli chromosome (Bazaral
and Helinski, 1968). The molecular weights of the E2 and E3 colicino-
genic factors were found to be essentially identical, but differed
slightly from that of the El colicinogenic factor (Bazaral and
Helinski, 1968). In non-induced cells only one col factor appears
to be present per chromosome (Jacob, Brenner and Cuzin, 1963). How=-
ever after UV induction, several copies of such plasmids are found
to be present per chromosome (Bazaral and Helinski, 1968).

The production of colicin from Eﬂlf cells was shown by Ozeki,
Stoker and De Margerie (1959) to be a lethal biosynthesis carried
out by only a fraction of the bacterial population. They observed
that single cells which released colicin were then incapable of further
multiplication, although they did not lyse, and suggested that the

actual production of colicin was responsible for cell death. However

10



Herschman and Helinski, (1967) although confirming that colicin
production was a lethal synthesis, found that colE factors actually
replicate after colicin induction. They inferred from their experi-
ments that the release of colicin from the cell was a secondary effect
and that death resulted from unbalanced replication of col factors.
Ozeki 33_553(1959) demonstrated that only a small fraction of
a population of colicinogenic cells undergo spontaneous induction of
colicin production. In contrast Jacob, Siminovitch and Wollman
(1952; 1953) found a 50-fold increase in the production of colicin
El1-ML after UV irradiationy and so drew an analogy between the induct-
ion of colicin and temperate phage. Techniques originally used for
the induction of temperate phage have now been successfully adapted
to increase colicin output from gg}f strains. These include thymine
deprivation (Sicard and Devoret, 1962; Luzzati and Chevallier, 1964);
treatment with acridine orange (Smarda, Koudelka and Kleinwachter,
1964); with azaserine (Sandoval, Reilly and Tandler, 1965); UV
irradiation (Fredericq, 1946; Reeves, 1963). Finally Iijima (1962)
observed greatly increased rates of colicin production after incubation
of a col® strain with minute amounts of mitomycin C. This has since
proved to be most effective in the induction of colicins of the E group

(Nomura, 1964; Helinski and Herschman, 1967; Hill and Holland, 1967).



Classification of Colicins

After the initialwork of Gratia, a variety of substances with
differing degrees of antibacterial activity were isolated. It
therefore became of paramount importance to classify these substances
before any significant advances could be made in studies into their
mode of action. A systematic classification of colicins was origin-
ally proposed by Fredericq (1948a), and this has since provided a
model for the classification of all bacteriocins. Fredericq tested
"antibiotics" produced by 250 strains capable of the inhibition of
growth of a suitable indicator strain on the basis of the specificity
of resistant mutants of the indicator strain and various morphological
criteria. Seventeen different groups of colicins were initially
characterised.

This system was later simplified (Fredericq, 1950a) by a
further grouping of colicins according to their receptor specificity.
Thereby, the colicin types E, F, J, S2, S3 and S5 were condensed into
the common group E. However this scheme was not entirely satisfactory,
as certain colicins, for example, those of the E group, known to
adsorb tg a common cell surface receptor, have very specific and
different modes of action. Since it was known that colicinogenic cells
are immune to biochemical changes induced by the colicin they produce
(Fredericq, 1948b), a further sub-grouping was therefore applied,

based upon the immunity of Col* strains to the colicin they are



capable of producing. The col factors required for the production
of colicins of the E and I group were then transferred to sensitive
strains, and on the specificity of immunity so ‘' .conferred, the E
group was sub-divided into El, E2 and E3 (Fredericq, 1956) and the
I group into Ia and Ib (Stocker, 1965; 1966).

Chemical criteria involving the antigenic properties of colicin
antisera (Bordet, 1948; Goebel, Barry and Shedlovsky,1956), and the
electrophorefic mobility of colicins (Ludford and Ledever, 1953),
have been utilised in the characterisation of further colicins, and
the original seventeen groups proposed by Fredericq (1950) have now
been extended to include twenty eight colicins.

It must be emphasised that the system of classification primarily
revolves around the specificity of mutational alterations in the cell

surface adsorption sites of sensitive strains 5o preventing their

)
adsorption. This classification scheme is inadequate for various
reasons. As has been pointed out by several workers, resistance

may by no means be absolute. For example, physiological conditions
may profoundly affect the resistance of mutants to certain colicins,
and "resistant" mutants can appear sensitive under extreme conditions
(Ben-Gurion, 1963; Holland, personal communication). In addition

Fredericq.(1965) has described unstable mutants resistant to certain

colicins which were difficult tée isolate, and Holland (1962) has

13



indicated a similar problem with mutants resistant to Megacin 216.
Secondly mutants have been found to exist which are capable of
colicin adsorption, yet which are resistant to the effects of the
adsorbed colicin (Nomura, 1964; Clowes, 1965; Hill and Holland,
1967). Finally, the classification scheme does not take into
account the different lethal effects of colicins in a common group,
as for example is seen with colicins of the E group (Nomura, 1967).

It may subsequently prove possible to classify colicins and
the bacteriocins according to their chemical composition and their
mode of action, although at the present time the number of colicins
and related bacteriocins which have been purified to a sufficient
degree of homogeneity for comparisons to be made is limited. How=
ever three classes do emerge (Herschman and Helinski, 1967a).

One group includes bacteriocins with a significant proportion
cf 1ipid and cerbohydrate in association with the protein fraction.
For example, the first colicin isolated in the pure state, colicin
K-K235 (Goebel, Barry, Jesaitis and Miller, 1955; Goebel, Barry and
Amano, 1957) was a lipopolysaccharide-protein complex, consisting
of 70% protein and 30% of the associated '0O' somatic antigen of the
producing strain E.coli K235 (Goebel and Barry, 1958; Goebel, 1962).
Colicin V(Hutton and Goebel, 1961; 1962), colicin A (Barry, Everhart
and Graham, 1963%; Barry Everhart, Abbot and Graham, 1965), colicin

I (Keeng,1966) and colicin E2-317 (now colicin F) (Reeves, 1961)

1k



also fall into this same group.

A second group is comprised of bacteriocins composed almost
entirely of amino acids. For example Herschman and Helinski (1967b)
have purified the colicins E2-P9 (W3110) and E3-W3110, which were
found to bé composed entirely of amino acids forming simple proteins
with molecular weights of approximately 60,000. In addition, they
demonstrated that colicin E2 could exist under certain conditions
in two interconvertible, electrophoretically distinguishable forms,
and that, although the proteins of colicins E2 and E3 contained
regions of similar structure, structural elements were unique to
each. It is probable that this difference is reflected more by the
different modes of action of these colicins after adsorption (dis-
cussed later). Other members of this group include a related E-group
colicin, E2-CA42 (Reeves, 1963), and possibly Megacin A216 elaborated

by Bacillus megaterium 216 (Holland, 1961). This bacteriocin is also

a simple protein with a molecular weight of 51,000. However recently
Ozaki, Higashi, Satio, An and Amano (1966) have demonstrated that
Megacin A-216 has phospholipase activity and thus may be a simple
hydrolytic enzyme, and is therefore unlike, for example, colicins
of the E group.

A third, contrasting group consists of a chemically hetero-

genous collection of bacteriocins produced by Pseudomonas aeruginosa

(Ishii, Nishi and Egarii 1965; Kageyama, 1964), Listeria monocytogenes -

15



(Bradley and Dewar, 1966), Bacillus subtilis (Bradley, 1967) and

various strains of Escherichia coli (Bradley and Dewar, 1966). Under

the electron microscope, these '"colicins' resemble components of
bacteriophages, often with small heads and contractile tails, and
consequently may not in fact qualify as colicins.

When all limitations are considered, it becomes apparent that
the present colicin classification system is rather inadequate. Indeed
Hamon and Peron (1966) have proposed a complete reclassification of
the E group, and Lewis and Stocker (1965) have reclassified this group
on a basis of the transmissibility of the col factor of colicin El,
and serological properties of E2 and E3. However Nomura (1967) has
advocated that no reclassification should be attempted until further
knowledge of both the chemical nature and mode of action of colicims
has been accumulated.

In an effort to simplify the classification system, Reeves
(1965) and Lewis and Stocker (1965) have proposed a system of
nomenclature whereby a colicin is referred to by the name of the
producer strain and preceded by the original name of the colicin,
since it was pointed out by Fredericq (1965) that colicins produced
by different strains may never be quite identical. This convention
has become increasingly adopted and is now accepted and employed by
the majority of colicin workers. Thus E2-P9 refers to colicin E2

produced from Shigella sonnei P9. When the col factor from Sh.sonnei

16



P9 has been transferred to another strain by cell contact, this
strain name then precedes the colicin. For example, W3110 (E2-P9)
refers to colicin E2 produced by a derivative of W311lO made
colcinogenic by the transfer of the col E2 factor from Sh.sonnei P9.

The col factor for E2-P9 is referred to as colE2=P9 by this system.

Mode of Action of Colicins

l. Adsorption to Sensitive Cells

Following the isolation of mutants resistant to the effects
of certain colicins from a sensitive strain of E.coli K12, Fredericq
(1946b) postulated that colicin molecules were adsorbed to receptors
in the bacterial cell surface. In this case colibins, unlike
conventional antibiotics, would not be expected to penetrate the
surface layers of sensitive cells, Much evidence in support of
this hypothesis has since accumulated and will now be presented.
(a) Indirect evidence that colicins were adsorbed by sensitive
cells but not by resistant mutants was first provided by Fredericq
(1952a and b) and Jacob g£.§£7(1951). After the addition of colicin
K to sensitive and resistant cells, the supernatant obtained from a
culture of sensitive cells was found by these workers to have a
lower colicin titre than that from the resistant cells. This was
ascribed to probablg adsorption of the colicin by the sensitive cells.

Hamon and Peron (1960) have since similarly demonstrated the adsorption

17



of a solution of six éolicins and five pyocins by sensitive, but

not resistant, strains.

(b) It has been reported by several workers that mutation to
resistance to certain bacteriophages simultaneously provides resist-
ance to certain colicins. For example, mutation to resistance to the
phage BF23 also provides resistance to colicins of the E-group
(Fredericq, 1950b), resistance to phage T6 excludes colicin K (Fred-
ericq, 1950b), and similarly resistance to colicin M excludes phage
Tl and TS5 (Fredericq, 195la). As phages are known to adsorb to
specific receptors in the bacterial cell surface, and in these cases
both colicins and phages were found not to be adsorbed to the bacter-
ial cells, it was thought that colicins,like phages, may be adsorbed
to specific phage-like receptors in the bacterial cell surface.

(¢) Further indirect evidence was provided by the observation that
sensitive cells were protected against colicin action by antibacterial
antisera in the culture medium (Bordet, 1948). These results indicated
that serum acted by blocking the appropriate receptors, and further-
more extracts of sensitive cells have been shown to specifically
neutralise colicins, presumably by fixing them (Bordet ana Beumer,
1948).

(d) The first evidence of direct adsorption of colicin to cell
surface receptors was provided by Maeda and Nomura (1966). They

demonstrated that radioactive colicin E2-P9 was adsorbed specifically

18



to the surface layer of sensitive, but not resistant cells. How-

ever the precision of the method employed by them is questionable,
since although 95% of accounted radioactive colicin was adsorbed to
the cell surface layer, the remaining, unaccounted for 5% would

still be quite sufficient to promote lethality via penetration and
direct action.

(e) In experiments to investigate the kinetics of colicin action

on sensitive cells, Jacob, Siminovitch and Wollman (1951) discovered
that the initial rate of kill and final surviving fraction of bacteria
treated with colicin E1-ML was proportional to the concentration of
the colicin., It was concluded, therefore, that colicin action,like
phage action, is a''single-hit'" process, with a single colicin particle
being capable of killing a single bacterium with a certain probability,
and this has since been confirmed by Nomura (1963) and Reeves (1965).
Colicins may then be thought to have a particulate action, with one
single adsorbed particle potentially lethal to the sensitive cell.
However the probability of a single particle promoting lethality may
well be low and for example, Holland (1962) found that the probability
of successful action of an adsorbed molecule of Megacin A=216 was as
low as 0.01. It is not clear whether this figure arises from a low
proportion of active bacteriocin molecules in the preparation or from
only a low proportion of active receptors amongst many potentially

capable of a lethal interaction with the colicin molecule.

19



(£f) It has been shown that the gg}El+, gglEZ+ and gg}E3+ producing
strains can adsorb their homologous colicins to an extent equivalent to
that achieved by corresponding sensitive strains (Cavard and Barbu,
1966). As colicinogenic strains are resistant to all but extremely
high concentrations of their homologous colicins (Levisohn, Koninsky
and Nomura, 1967) it is unlikely that cell penetration has taken place,
and the colicin presumably then remains at an extracellular position
on the cell surface. Furthermore, the isolation and purification of
many colicins, for example colicin K-K235 (Goebel and Barry, 1958),
and colicin I (Keene, 1966) has shown that they are intimately associa-
ted with the '0O' somatic antigen of the producing strain. Therefore
colicin molecules are nof only‘proﬁably adsofbéd to.the cell Sufféces
of sensitive strains, but are often found in association with specific
surface components in producing strains.

(g) More indirect evidence that colicins are adsorbed to extra-
cellular attachme#t sites comes from enzymatic digestion experiments
on colicin-treated, sensitive cells. Thus Nomura and Nakamura (1962)
have found the complete inhibition of macromolecular synthesis of
colicin El and K can be reversed even after several hours, by treat-
ment of the cells with the proteolytic enzyme, trypein. This reversal
strongly suggests that the colicin molecule itself competes for sites
in the electron transport chain of the sensitive cell, and so inhibits

macromolecular synthesis. However with colicin E2, trypsin digestion

20



increases the number of colony formers for only a maximum of 30
minutes following addition of colicin (Nomura, 1963; Reynolds and
Reeves, 1963), after which the lethal action is irreversible.

Similar results have also been reported with colicin E3 (Nomura,

1963; 1964). These latter results do not necessarily show that the
inhibitory effects of colicin E2 and E3 are reversible, but merely
indicate a reversible stage after colicin adsorption. On the
contrary, it seems likely that the physical presence of these colicins
eventually triggers an irreversible phase which may be the production
or activation of an intracellular enzyme, after which trypsin digestion
has no effect. However the ability of trypsin to remove radioactive
colicin E2 from the receptor after adsorption (Maeda and Nomura, 1966)
does very strongly imply that colicin molecules remain at, and act
from an extracellular receptor.

When taken together, the above experimental evidence does
strongly suggest that colicins are adsorbed to cell surfaces, and act
from an extracellular position. Several workers have calculated the
amount of colicin which adsorbs to sites on a sensitive cell, and
results vary from 11 (Mayr-Harting, 1964) to up to 30 (Maeda and
Nomura, 1966) killing units of E2-P9 or E2-CA42 at saturating levels.
Maeda and Nomura (1966) have taken the molecular weight of colicin
E2 as 60,000 (Helinski and Herschman, 1966) and have calculated the

actual amount of colicin protein which corresponds to a single killing
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unit. From these calculations, 1 killing unit appears to correspond
to about 100 colicin molecules, and from this figure, the number of
receptor sites was then estimated to be between two and three thousand.
This figure differs from that of 30-90 quoted by Reeves (1963), based
upon one killing unit corresponding to one molecule of colicin E2,
and this discrepancy can only partly be accounted for by variation

in experimental conditions. However it is clear that if colicin
molecules do indeed adsorb to specific receptors, there are many such
receptors present on the cell surface, all perhaps capable of
mediating the characteristic intracellular changes following the
adsorption of a colicin molecule.

Adsorption studies have also indicated that the number of
receptor sites for E3-CA38 is similar to that for E2-P9(ﬁaeda and
Nomura, 1966), as may be expected from their receptor specificity.
Furthermore colicins E2 and E3 have been shown by Maeda and Nomura
(1966) and by Holland (personal communication) to compete with each
other in adsorption experiments, conclusive evidence that these
colicins do in fact share a common receptor.

Despite the above evidence, the existence of specific extra-
cellular receptors for the adsorption of colicin molecules has been
disputed by various workers, (Reeves, 1965; Smarda and Taubeneck,

1968). Thus it was shown by Smarda and Taubeneck (1968) that L-forms,

but not normal Proteus mirabilis cells’were susceptible to colicin E2.

22



L-forms of this species lack cell walls, and are consequently
resistant to phage attack as the necessary phage receptors are not
present. Smarda has implied from this result that colicin molecules
adsorb directly to the cell membrane and not to the cell wall, and
act from this position (Smarda, 1967).

Indeed, certain colicin molecules may well adsorb directly to
the cell membrane of certain susceptible bacterial strains, and act
directly with the membrane from this position. However, according
to the Smarda model, receptor adsorption is unnecessary for all
colicin action. In this event, one may anticipate that the sensitivity
of spheroplasts prepared from cells sensitive to, for example, colicin
E2, would not be reduced. However it was found by Nomura and Maeda
(1965) that spheroplasts so prepared were resistant to the effects of
this colicin and, moreover, that these spheroplasts still adsorbed
the colicin. It was conduded, therefore, that maintenance of the
cell surface layers is essential for the successful action of at
least colicin E2.

2. Biochemical Effects of Different Colicins

(a) Colicins El and K

In colicin El-treated sensitive cells a rapid inhibiton of all
macromolecular biosynthesis in the céll was found by Jacob, Siminovitch
and Wollman (1951 and 1952). Thus, these workers demonstrated that a

rapid cessation of growth, and inhibition of protein, DNA and RNA
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synthesis was a feature of El-treated cells. However the rate of
respiration in these cells did not decline for at leaét %0 minutes
after the addition of colicin El, and it was therefore concluded
that colicin El1 was functioning as an energy uncoupling agent in
the cell.

Similar lethal effects were observed with colicin K. Thus
Fredericq (1953a) demonstrated that the multiplication of intracellular
phage ceased in sensitive cells treated with both colicins El and K.
In addition, experiments of Levinthal and Levinthal (cited by Luria,
1964) have indicated that both colicins interfere with the oxidative
phosphorylation systems in sensitive cells. Now, as the oxidative
phosphorylation system lies in the cytoplasmic membrane of the cell
(Marr, 1960), colicin El, interacting with the membrane, may act
directly as an uncoupling agent in this system. In this event, one
may anticipate derangement in the energy levels of certain enzymes
concerned with specific aspects of membrane metabolism. Indeed,
Luria (1964) has found that permeasesspecific for B -D-galactosidase,
isoleucine and the uptake of potassium ions cease to function "in
vivo" in the presence of colicin El, suggestive of some direct
colicin /membrane interaction. These biochemical changes in colicin
treated El1 and K-sensitive cells have been further investigated by
Fields and Luria (1969), who have found that these colicins produce

a reduction in ATP levels in the cell. However it is important to
note that subtle changes in the cell membrane would be sufficient
24



to produce these biochemical changes. For example, a molecular
rearrangement in the cell membrane could cause blockage in the
electron transport chain without the activation of an intracellular
compound or the penetration of the membrane by the colicin molecule.

Other colicins producing similar biochemical changes in
sensitive cells include those of the I group, Ia and Ib. These
have been shown to inhibit the multiplication of intracellular
phage (Fredericq, 1953a), and to inhibit oxidative phosphorylation
in the cell (Levisohn, Koninsky and Nomura, 1967).
(b) Colicin E2

Although high multiplicities of colicin E2 have been reported
to inhibit macromolecular synthesis without alteration in the rate
of respiration in sensitive cells (Nomura, 1963), low concentrations
appear to specifically initiate the degradation, and prevent the
synthesis of DNA (Nomura, 1967). The primary action of colicin E2
may well_therefore involve some aspect of chromosomal metabolism,
especially since phage T4 and A multiplication in E2-treated sensi=~
tive cells proceeds normally, évidence cited by Nomura and Nakamura
(1962) for the integrity of cellular protein synthesising machinery
under these conditions.

However the mechanism of DNA degradation remains unclear,
although nucleases are presumably involved at some stage, Nomura

(1963) has tested the possible formation of a "de novo' DNAase
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after E2-addition, and found that pretreatment of sensitive cells
with chloramphenicol or streptomycin did not alter the degradation
of DNA. Regretably, in his experiments Nomura did not indicate the
precise degree of inhibition of protein synthesis achieved by these
agents, and Holland (1965) has since suggested, in the case of
Megacin B, that small residual levels of protein synthesis may be
sufficient for the formation of a bacterial induced DNAase. However
Holland (personal communication) has more rigorously prevented
protein synthesis in E2-sensitive cells, and found that DNA breakdown
still takes place after E2-addition. The formation of a new DNAase
is therefore unlikely, and the extracellular presence of colicin E2
then at some stage presumably activates DNAases already present in
the sensitive cell.

Despite the lack of involvement of protein synthesis in colicin
E2 action, an energy requirement has nevertheless been reported for
some stage in the action of colicin E2 on sensitive cells. Thus it
was found by Nomura (1963) and Nomura and Maeda (1965) that the
respiratory inhibitor 2-4 dinitrophenol could suppress both the
induction of Ea-induceztgleakdown and the killing action of the
colicin, although it is not known at which stage in the sequence
of events energy is actually required. This could be visualised

to participate in the adsorption and orientation of the colicin

molecule at the receptor site, or in a molecular rearrangement of
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some cell components integral in a later stage of colicin action.

A second requirement for the successful action of colicin E2
on sensitive strains of E.coli appears to be an intact cell membrane.
Thus colicin E2 had no effect on an in vitro preparation of DNA
(Nomura, 1964), and DNA degradation in E2-treated spheroplasts was
shown to be greatly reduced (Nomura and Maeda, 1965; Beppu and
Arima, 1967). The membrane may well be involved in the transmission
of the E2-induced stimulus to the biochemical target, and as will
be later discussed, has to be maintained for successful colicin
action to take place. There have been no reports. that colicin E2
had any effect on cell permeability, or that the colicin directly
damaged the cell membrane.

Since Holland (1967) has reported the occurrence of long non-
septate filaments of sensitive cells soon after the addition of low
multiplicities of colicin E2, it is possible that a further primary
manifestation of E2 action is the inhibition of the cell division
machinery. Indeed, as discussed previously, if DNA metabolism and
cell division are coupled by the participation of some cell membrane
component, a possible molecuiar rearrangement of the membrane induced
by colicin E2 may well produce cell division abnormalities as well as
destruction of the chromosome.

In more recent studies on the primary action of colicin E2,
Holland (1968) has reported a perceptible time lag of up to 20 minutes

between the onset of DNA degradation and the cessation of DNA synthesis
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in sensitive cells after the addition of colicin. It can be implied
from this result that DNA degradation is a primary effect, and the
inhibition of DNA synthesis is a secondary effect of colicin E2,
and furthermore Holland has suggested that DNA synthesis inhibition
may well be a direct consequence of the destruction of the template
for DNA polymerase, the DNA. In this respect, the colicin E2
degradation of DNA differs from DNA degradation induced by a variety
of other agents which cause direct damage to DNA, for example,
Mitomycin C which appears to induce DNA degradation only after the
cessation of DNA synthesis (Boyce and Howard-Flanders, 1964).

Several non-specific effects have been attributed to high
concentrations of colicin E2, or to a prolonged exposure to the
colicin. For example, Persiel (1965) has reported an inhibition of
respiration in sensitive cells after exposure to high colicin E2
multiplicities. This is unlikely to be a primary event as both DNA
degradation and the inhibition of macromolecular synthesis have been
reported when the rate of respiration in E2-treated sensitive cells
was unaltered. Similarly, the degradation of ribosomal RNA after
exposure to colicin E2 for a prolonged time (Nose, Mizuno and Ozeki,
1966) is unlikely to be a primary effect.

Other colicins with similar modes of action to E2-P9 have also
been reported. These include colicin F5 (now called E2-CA42) (Reynolds

and Reeves, 1963; Hamon and Peron, 1967), and colicin P (Hamon and

28



Peron, 1965). These colicins, like E2-P9, induced bacteriophage A
development, and produced both DNA degradation and an inhibition of
DNA synthesis in sensitive cells.
(¢) Colicin E3

When’sensitive cells are treated with a high multiplicity of
colicin E3-CA38, both the induction of the enzyme f-galactosidase
and the incorporation of 53504 into total protein was completely
inhibited (Nomura, 1963; Nomura and Maeda, 1965). However, as the
synthesis of RNA and DNA is not affected it was suggested by Nomura
(1963) that this colicin acts specifically by inhibiting protein
synthesis.

More detailed studies into the primary action of colicin E3
have been carried out by Koninsky and Nomura (1967). They found that
ribosomes extracted from both colicin E3 and colicin K treated cells
had an altered 23S core of the 30S ribosomal sub=-unit, whereas the
50S unit was unaffected. When cells were exposed to high concentrations
of E3-CA38 or colicin K for a prolonged time period prior to extraction,
the ribosomes were found to have undergone actual physical degradation.
Koninsky and Nomura considered it unlikely that ribosomal degradation
is a primary effect of colicin E3, and suggested that this is more
likely to be a non-specific effect developing after ribosomal

inactivation.
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Koninsky and Nomura (1967) also investigated the effects of
colicin E3-CA38 "in vitro" on ribosomes previously extracted from
sensitive cells, but found no inactivation by the colicin. They
concluded from this experiment that the general integrity of the cell
has to be maintained for the successful action of colicin E3, and in
particular that an intact cell membrane at least is essential.

Models of Colicin Action

The biochemical modes of action of different colicins demonstrate
that the primary actions of different colicins are entirely specific.
Thus there have been no recent reports of non-specific cell damage
after exposure to low colicin concentrations and in particular, no
membrane disruption has been observed. Gross changeswere only apparent
either after the addition of high colicin concentrations, or after a
prolonged time interval. Secondly)in the cases of colicins E2 and E3 at
least, "in vitro" preparations of DNA and ribosomes were not affected
by the respective colicins, stressing the importance of the maintenance
of the integrity of the cell for the action of colicins. Finally,
studies previously discussed have indicated the probability of
specific extracellular attachment sites for different colicins.
Therefore to correlate these facets of colicin action, it can be
imagined that specific intracellular biochemical changes follow the
attachment of the colicin molecule to receptors in the cell surface,

without the physical penetration of the cell membrane by the colicin.
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' Various models have been proposed to explain the action of
colicins. Thus Nomura (1964) has suggested that a stimulus is
initiated by the adsorption of a colicin molecule to a specific cell
wall receptor. This transmitted via the cell membrane to a specific
biochemical target thereby promoting the observable biochemical

change and cell death (see diagram below):

Elr_aoxidative -
 pm— phosphorylation
initiation
adsorption of transmission
colicin _>tc specific __)st%.m:ius of ) E>—3 DNA ég:ﬁh
molecule cell surface a e stimulus /
receptor surface of
the
membrane
——— E3— ribosomes

This model has been extended by Hill and Holland (1967) who have
suggested that the receptor may have an active role in the initiation
of the colicin stimulus in addition to participating simply in'the
adsorption of the colicin. Since the structure of the bacterial cell
surface layers are highly complex, they have suggested that a correct
orientation of the colicin molecule at the receptor site may also be
an essential prerequisite before stimulus initiation.

An essential aspect of the model (see diagram) is the location

and nature of the transmission system, responsible for the "connection

between the extracellular colicin and the intracellular biochemical

"target". In addition, the ''single-hit" killing kinetics, and the
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inactivation of several thousand ribosomes by but a few molecules
of colicin E3 (Koninsky and Nomura, 1967) suggest that the trans-
mission system must also be capable of amplifying the initial
stimulus many times. When considering the mode of action of
colicins of the E group, the colicins E2 and E3, as will be later
presented, share a common receptor. However these colicins
inactivate unrelated biochemical targets in the cell, and therefore
the transmission system for these colicins must diverge at some
post-adsorption stage.

The most suitable candidate for the seat of the transmission
system in the bacterial cell is the cytoplasmic membrane. Not only
is the repeating sub-unit structure of the membrane compatible with
the transmission and amplification of amn initial change produced
by the colicin molecule throughout the cell, but evidence also
indicates that cell structures inactivated by particular colicins
are physically related to the membrane. Indeed, Changeux and
Thiery (1966) have proposed that the transmission of a colicin-
invoked stimulus may involve a conformational transition of repeating
units of the cell membrane. This may then produce an allosteric
alteration in intracellular proteins bdﬁnd to the internal surface
of the cell membrane. Mutual cooperation between repeating units
could be such that small numbers of colicin molecules could provoke

alteration sufficient to produce a complete cell membrane transition.
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If such a transmission system or multistep pathway of colicin
action does exist, and which resides at least partially in the cyto-
plasmic membrane, then alteration of the membrane of sensitive cells
in various ways should interfere with colicin action. In fact
protection to the adsorbed colicins E2 and K was found by Beppu and
Arima (1964) to be afforded to sensitive cells after their suspension
in a medium of high Osmotic Pressure. These workers ascribed this
protection to osmotically induced structural changes in the cytoplasmic
membrane, which interfered with the transmission of the colicin
stimuli. Similarly, after the disruption of the cell wall and cyto-
plasmic membrane in the formation of spheroplasts, colicin E2
adsorption was found to be unaltered, but the E2-induced degradation
of cellular DNA was greatly reduced (Nomura and Maeda, 1965; Beppu
and Arima, 1967). In contrast, El-treated spheroplasts were found
to be more sensitive to colicin E1 (Obdrzalek, Smarda, Cech and
Adler, 1969). This result should in fact be treated with reservations,
since no controls, or times for which the spheroplasts were exposed to
colicin El were given. Nevertheless, with the possible exception of
the latter example, physiological alteration of the cytoplasmic
membrane does reduce the sensitivity of the cells to the colicin,
presumably by disruption of the transmission system.

In further support of a multistep pathway, many different

classes of mutants resistant to colicin have been isolated. This is
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indicative of a multistep pathway, and in some cases, as will be
discussed later, the mutants have additional properties compatible
with altered membranes.

Resistance to Colicins

At least two classes of genetic mutants resistant to the action
of colicins can be predicted from the model previously illustrated
and discussed. Thus one group could be resistant because of failure
to adsorb a specific colicin., In contrast, cell death in a second
group could be prevented by mutation in some post-adsorption stage,
for example, by mutations preventing (1) the initiation of the
"stimulus'"; (2) the "transmission'" of the stimulus to the "target';
(3) the reception of the stimulus by the '"target'.

(a) Genetics of resistance

The occurrence of mutantsresistant to colicin through the loss
or inactivation of a receptor structure was first postulated by
Fredericq (1948¢c) and several examples have since been reported
(Fredericqg, 19563 1958). Receptor formation has been shown to be
under the control of several independent genes. These have been
mapped by Fredericq and Betz-Bareau (1951; 1952), Jenkin and Rowley
(1955) and Gratia (1966). For example, the chromosomal locus of a
receptor mutation, producing resistance to the colicin E group and
to phage BF23 was mapped between thi and met (Fredericq and Betz-

Bareau, 1952; Jenkin and Rowley, 1955). However recent studies by

\
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Hill and Holland (1967) have demonstrated that the colicin E group
receptor is more complex than was first imagined. Thus although the
majority of mutants unable to adsorb to colicins El, E2 and E3,
designated R through loss or inactivation of the receptor, map at
the chromosomal locus between thi and met (Gratia, 1966), which also
excludes the bacteriophage BF23, at least four other R~ phenotypes
have been found which have lost the capacity to adsorb colicins E2
and E3, but not E1 (Hill and Holland, 1967). These R phenotypes,
which differ in their response to temperature and also in their
resistance to phage BF23, have not yet however been mapped. In support
of this apparent separation of the receptor structure for colicin El
from that of colicins E2 and E3, it has been shown that prior adsorption
of colicin E2 to bacterial cells subsequently inhibits the adsorption
of E3, but not of E1 (Maeda and Nomura, 1965; Holland, personal
communication). These results therefore indicate the presence of
physically distinct fixation sites for colicin El, and for colicins
E2 and E3. Nevertheless, theisolation of single-step mutants which
no longer adsorb colicins El, E2 and E3, demonstrates that although
the reception site for colicin El may be distinct from that for
colicins E2 and E3, certain constituents of the receptor must be
common to all,

Examples of a second class of resistant mutants, which still

retain the ability to adsorb colicin , have been isolated by several
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workers, and given various designations, i.e. "colicin-tolerant"
(Nomura and Maeda, 1965; Nagel de Zwaig énd Luria, 1967); "mutationally
immune" (Clowes, 1965; Reeves, 1966; Stouthamer and Tieze, 1966);

"t (Hamon and Peron, 1967); "Refractory" (Hill and Holland, 1967). As
indicated previously, such mutants are to be expected if colicin
action involves several '"steps" following adsorption of the coliecin
but prior to the completion of the effect.

Studies into this group of receptor-retaining (R*) mutants have
been carried out almost exclusively with the E group of colicins.
Several distinct mutants of this refractory class have been isolated
showing refractivity to one or more of the E group colicins and
other unrelated colicins, and where possible, the position of the
mutation has been mapped. The phenotypes of these mutants are
summarised in Table a, and the map location and methods of analyses
indicated (see page 37). Several distinct multiply-resistant pheno-
types map adjacent to the gal region, although the number of cistrons
and their functional relationship has not been precisely determined.
However by complementation analysis Nagel de Zwaig and Luria (1967)
have demonstrated that the tollIl and tolIII mutations are contained
in at least two different cistrons. In all probability, the tolll
mutants of Nagel de Zwaig and Luria (1967) and Nomura and Witten (1967)
are the same. Similarly the tolIII mutants of these workers may well

correspond to the refV mutants of Hill and Holland (1967), and tolIV
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Fig. 1 Chromosome Map of E.coli K12 showing in particular
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mutants to RefIV mutants. Amongst the mutants with refractivity to
a single colicin, the RefI, tolVIII and El-tolerant mutants (Clowes,
1965) no doubt correspond, as may the Eg;VIII(Nomura and Witten, 1967)
and the RefIl mutants (Holland and Threlfall, 1967), although the
position of the tolVII locus has not yet been mapped.

It is important to note that no mutants have been isolated
simultaneously refractory to both the colicins El and E2 or to El
and E3, whereas many mutants simultaneously fefractory to the colicins
E2 and E3 have been reported. The early separation of the trans-
mission system for colicin El1l from that of colicins E2 and E3 is
therefore suggested. However, although the El receptor, and hence
the transmission system, may be quite distinct from that of colicins
E2 and E3, the isolation of RY mutants simultaneously refractory to
all three colicins does suggest that common components in the
reception system at a postfixation level also exist.

The colicins E2 and E3 share a common receptor, but their
transmission systems must diverge at some stage, in the case of E2
to the chromosome and/or the cell division machinery, in the case
of E3 to the ribosomes. It should therefore be theoretically possible
to isolate mutants refractory only to colicin E2, and only to colicin
E3. 1In fact, the former class has been isolated, and designated
£tolVII (Nomura and Witten, 1967), RefII (Hill and Holland, 1967).

The isolation of multirefractory mutants refractory to both the
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colicins E2 and E3, or the colicins El, E2 and E3 and the unrelated
colicins A and K (de Zwaig and Luria, 1967; Hill and Holland, 1967;
Nomura and Witten, 1967) may indicate specific common components in

the transmission pathways of these colicins, or non-specific alteration
of membranes affecting all the transmission systems. In the former
even; the altered component in multirefractory mutants is more likely
to participate in an early step in the transmission system, than the
component altered in the mutants refractory to a single colicin, for
example E2.

Physiology of refractory mutants

Several mutants with multirefractory phenotypes, mapping in the
gal region were found by de Zwaig and Luria (1967) to be hypersensi-
tive to deoxycholate (DOC) and EDTA and alteration of some membrane
or other surface component was implied. Nevertheless, there were no
observable differences between the major phospholipid and lipopoly-
saccharide components of parental and mutant strains (de Zwaig and
Luria, 1967). This indicates that no gross wall or membrane alter-
ation had taken place in these mutants, but does not eliminate a
discrete membrane alteration, for example in the conformation of a
protein molecule, which would not have been observed.

The permeability of mutants refractory to colicin El alone was
also shown to be increased. In consequence, this class of mutants

is hypersensitive to methylene blue and to acridines (de Zwaig and
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Luria, 1967; Hill and Holland, 1967; Luria, 1969). In addition
these mutants may be distinguished from multirefractory classes by
their map position near thy which is quite distinct from other
refractory loci. Again, a change in some cell membrane component
can be imagined to have taken place in these mutants which does
not lead to gross cell damage.

A second class of mutant, refractory to a single colicin, colicin
E2, has also been isolated. These mutants, designated RefII by Hill
and Holland (1967) are characterised by all being refractory at 30°C
yet sensitive at 40°C. As mentioned above, it is more probable that
the altered component in this class participates in some later stage
of the transmission system for colicin E2 than does the altered
component in the multirefractory mutants. Moreover, Holland (1967)
has indicated that certain Refll mutants were deficient in the repair
of UV damaged DNA., These results indicate that the—aectiwvity—ef the
DNAase which is activated by the presence of colicin E2 also partici-
pates in the repair of UV dgmaged DNA (see Howard-Flanders and Boyce,
1966) and this is altered in RefII mutants.

An important step in the elucidation of the action of colicins
is the identification of the altered components in refractory mutants.
Indirect evidence does indicate the alteration of some membrane proteins
in both single- and multirefractory classes of mutants. For example,

in several classes of multirefractory mutants, colicin refractivity was
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temperature dependent (Hill and Holland, 1967; Nomura and Witten,
1967; de Zwaig and Luria, 1967), and in some cases the mutants showed
a rapid change in colicin sensitivity with change in temperature
(Nomura and Witten, 1967). This latter property is characteristic of
meny mutant proteins. Further, more direct evidence that the primary
products of at least two "multirefractory genes'" are protein comes
from the isolation of many amber mutants of the'gglII and tollIII types
(see Table a) (Tereck Schwarz, personal communication cited by Luria,
1969).

It is interesting to note that adjacent mutations to the multi-
refractory loci near the gal locus are known to involve the function of
enzymes of anaerobic catabolism (Puig, Azoulay and Pichinoty, 1967).
These loci control the assembly of several enzymes into a particulate
structural element in the cell membrane, and their close linkage to
the colicin multirefractory loci may not be coincidental.

Since the RefII mutants were all characterised by rapid acquire-
ment of sensitivity to colicin E2 with change from low to high temp-
| erature, it was suggested by Holland (1968) that colicin E2 refractivity
involved a conformational alteration in a membrane protein, and it
seems likely that in the RefII mutants such a protein is more or less
normal at %0°C, but takes on the "mutant" configuration at 25°%c.
Immunity

Finally, before concluding this introduction to the genetics

of colicin resistance, it must be emphasised that resistance through
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genetic mutation differs from the immunity of colicinogenic cells
to their homologous colicin (Fredericq, 1948b). Immunity is only
conferred by the transfer of the col factor (Maeda and Nomura, 1966)
and upon loss of this episome the cells regain their colicin sensi-
tivity. The mechanism of immunity is not understood although Nomura
(1964) has postulated the formation of a specific "immunity substance"
affecting some post-adsorption stage. "Resistance' is clearly
different from immunity, since at high concentrations the homologous
colicin has been shown to produce changes in gglf cells, similar to
thoze obtained with low concentrations on sensitive cells, and killing
takes place (Levisohn, Koninsky and Nomura, 1967). In contrast,
resistance through receptor inactivation is absolute (Siccardi, 1966).
In summarising the evidence to date for the mode of action of
colicins, one may say that:
(a) Colicins attach to specific cell surface receptors, and in certain
as yet undetermined circumstances, a stimulus is transmitted from
these extracellular attachment sites.
(b) Colicin action, like phage action, is a "single hit'" process,
and a few colicin particles are capable of inactivating a bacterial
cell. However, as a few particles of colicin E3 can inactivate several
thousand ribosomes, the colicin stimulus must be amplified within the

cell.
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(¢) The maintenance of the integrity of the cell membrane is
necessary for the successful transmission of the colicin effect.

(a) The final lethal and biochemical effects invoked by the colicin
molecule from the surface site are quite specific for different
colicins.

(e) There is no gross cellular damage produced by the action of
colicins. In particular, there is no detectable change in the osmotic
properties of the membrane.

To account for the extracellular mode of action of colicins, it
is necessary to postulate transmission and amplification of an external
stimulus to specific intracellular components, which are thereby
inactivated. The postulated repeating subh-unit structure of the cyto-
plasmic membrane provides a possible means for the transmission and
amplification of the stimulus.

The studies into the susceptibility of bacteria to colicin E2
which will now be presented and discussed were therefore initiated to
(1) qualify the role of the membrane in colicin E2 action; (2) deter-
mine the organisation of the membrane in the transmission and amplifica-
tion of the colicin E2 stimulus.

It was hoped that these aims would be achieved by the study of
various mutants blocked at some step in colicin action, in the hope
that different steps and their relationship to the organisation of

the cell membrane could thereby be identified.
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MATERIALS AND GENERAL METHCDS

Bacterial Strains

Colicinogenic and indicator strains employed throughout this
study were as follows: the colicinogenic E.coli strains ML
(go_l_El+) (Jacob, Siminovitch and Wollman, 1952), CA38 (_c_g;Ef)
(Fredericq and Delcour, 1953), the colicin sensitive strain K12-ROW
and its colicin E resistant derivative ROW~E were obtained from

P.Fredericq. The source of colicin E2 was Salmonella typhimurium

LT2, 906 (colE2") carrying the E2 factor originally derived from

Shigella sonnei P9 (Nomura, 1964).

Non-refractory strains used, their origin, colicin E2 sensi-
tivity, response to ultraviolet irradiation (UV) and recombination
properties are shown in Table 1. The origin of the Hfr and F-prime
strains employed are shown in Figure 2.

Maintenance of Bacterial Strains

Permanent stocks of all strains used were kept in the form
of stabs in wax-sealed tubes containing 5 ml NB top agar, at approxi-
mately 20°C. Strains in common use were maintained either on slopes
of NB agar in 25 ml Universal bottles, or on NB agar plates, and
were stored at 4°C. These were renewed at weekly intervals by
selection of single colonies following streaking of the strains on

NB agar plates.
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TABLE

Characteristics of ref+ E.coli

Genotype

Strain |Mating : :

type |serB|thr|leu|proflac|try|his|arg thy imet|ileuf A|str
C600 F +| ==+ |+ |+ |[+|+|+ |+ ]|+ |=-|R
ASH10 F + |+ | =]+ =]+ +|+|=]=14+ |+|R
E9k F~ + =] =|=f=|+|+|+|=-]=]+ |+R
ROW F + |+ |+ |+ ]+ |+|+]+|+]|=-]+ |+ R
ASH5 F- + | ==+ |=-|=-|=-|=-]+|+]|+ |+|R
E32 F~ + |+ | =+ |+ |+ |+|+|=-|=-1]+ |+|R
158 F + ==+ |+ {+ |+ |+ |+ |+ |+ S
Rec34 F + = =]+ ]+ |+ |=]=1]+ |+ |- |+]s
KMBL2LO| F~ + | ==+ |+ [+ |=|= ]+ [+ |~ |+]5
AB1157 F + | =|=|=|=f{+{=-|= 1]+ |+ |+ |+«!|Rr
JChks7 | FT + (=== |=tf+ == 1+ |+ |- [|+|Rr
Lk F = l= =1+ |+ |+ |+ {+ |+ |+ |+ {+!R
4g-1* F- =+ =1+ |+ |+ |+ |+ |+ |+ |+ |+|R




1

Strains Used in This Study

Response to

Response

Recomb-

Hsp colicin E2 |to UV ination Origin Source
+ + S R rec’ R.W.Hedges
+ + S R + Wl x HfrC R.HePritchard
+ + S R + R.H.Pritchard
+ + ] R + R.H.Pritchard
+ + S R + R.H.Pritchard
+ + S R + R.H.Pritchard
+ + S R + C600 R.H.Pritchard
+ + s s recA” [CR3k4 A.ROrsch
+ + s S recA” [CR34 A.Rorsch
++ S R rec’ A.J.Clark
+ + S S recB~ |N.T.G.deriv.of ABl1157 |A.J.Clark
- - S R rect C600 S.Glover
- - s R + thr transductant of 4K

Contd..
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TABLE

. Genotype
Strain M:tlzg
IP serB| T|L|pro| lac [try his]|arg|thy|met lileuf A|str
HfrH202 | HfrH + |H|+| +f + |+ ] +] +1 + ]+ |+ [=]|S
ASH3 HfrH + ++| + + + + + + |-+ + +| S
ASH4 HfrR4 + |+l+{ +l + |+ + ]+ +]=- 7+ |+]|S
IB11 HfrBll + +|+] + + + + | + + - |+ -| S
ASH1 HfrBll + +H+ + | + + + | + - | =14 |=]R
E6 HfrC + |4+l +] + | + | +] + | + | = |+ |+]|S
P10 HfrP10 + + 4y + | + + + + + | + + S
+
KLF F e Tyma | ol e =] =+ |+ ] R
KLFL4 F! + FErLph- |+ = -+ + |+ R
TLP
M F! + (FoLh)| + |+ +| +| +| + |+ s
T L™
CR34(a) | F? + |[-|-] +] + | 4] 4| + |[(Frthy*) + |+| S
+
J.Co.-1| F! + |=l=| +|Fraact | +] +| -]+ |+ [+
lac~
|




1 (Contd.)

Restrictnh [Response

modi?gcatn colEZin R:ipgsse ?i::?:; Origin Source

markers E2
r+m+ S R rect R.Walmsley
rm’ S R rect |At deriv.of HfrH202 [M.Monk
rm* S R rec’ R.H.Pritchard
rtot S R rect R.H.Pritchard
rim’ S R rect |IB11 x ASH10 I.B.Holland
rot S R rect R.H.Pritchard
rtmt S R rect |HfrPl10 H.L.Kornberg
r'm’ recA” |AB2463 B.Low
rtmt S recA” |AB2463 B.Low
r'o* S rec’ |KLF1 x 158
r'm® s R rect [CR34 John Collins
r'm’ s R rec’ |c600 John Collins
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Fig.2 Chromosome Map of E.coli K12,showing in particular the

origins of Hfr and F' strains employed.







Culture Conditions

Unless otherwise indicated, bacterial cultures were grown with
aeration at 37°C in a Gyrotory Shaker (New Brunswick Scientific Co.,
New Jersey, U.S.A.). For bacterial cell counts, 0.05 ml samples of
bacterial cultures were diluted into N-saline (Polyfusor, Boots Pure '
Drug Co. Ltd., Nottingham) and counted in duplicate in a model A
Coulter Counter (Coulter Electronics Ltd., England) at cell densities

L

of 2 x10 to 2 x 106 cells/ml.

Plating Technique for Bacterial Viable Counts

Unless otherwise indicated, 0.1 ml aliquots of bacterial
cultures after appropriate dilution were spread onto NB or minimal
agar plates.

Colicin Preparation, Assay and Tests

(a) Production of Colicin

Exponential broth-érown cultures (ca 2 x 108 cells/ml) of
colicinogenic strains were treated with mitomycin C (Oek ug/ml),
and incubation with aeration was continued for 4 to 6 hours to
complete the induction and release of colicin. Following centri-
fugation, the supernatant was shaken with a few drops of chloroform
and assayed as shown below.

(b) Assay of Colicin Preparation

Serial dilutions of the colicin preparations were spotted onto

a previousiy sown lawn of the irdicator strain ROW (109 cells/ml
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mixed with 4 ml of soft agar) and incubated for 14 hours at 37°C.
The reciprocal of the highest dilution producing an inhibition of
growth was taken as the colicin titre, and was expressed in

arbitary units/ml of colicin. This value varied between 104 and
5x lO5 units/ml for different preparations, and did not appreciably
change after storage for up to four months at 4°¢,

(c) Test for colicin E Resistance

To test for colicin E resistance, preparations of colicins El,
E2 and E3 were streaked on NB agar plates, allowed to dry, over-
layered with 4 ml top agar, and cross-streaked with test strains and
corresponding indicator strains grown to the late exponential phase.
Plates were then incubated at the necessary temperatures, and examined
after 14 hours.

Media

Oxoid No.2 Nutrient Broth (NB), supplemented with 80 ng/ml
thymine when necessary, was used throughout. Nutrient broth agar
consisted of NB + 2% Davis agar for plate medium, NB + 1% Davis agar
for top layers, and NB + 0.7% agar for NB soft agar. Tryptone Broth
(TB) consisted of 1.0% Oxoid tryptone and 0.5% sodium chloride, again
supplemented with 80 ng/ml thymine. Magnesium sulphate was added to
a final concentration of 0.2% when necessary for phage lambda studies.

IB agar contained concentrations of Davis agar as described above.



For the selection of prototrophic recombinants, M9 (Anderson,
1946) + 2% Davis Japanese agar was used, supplemented with appropriate
amino acids (20 nug/ml) on lactose (0.4%) and containing 100 ng/ml
streptomycin. For the preparation of phage lysates, M9 + 0.7% agar
(soft agar) was used.

Unless otherwise indicated, all dilutions were made in 0.07 M
phosphate buffer (pH 7.0) (Buffer).

Bacteriophage Pl Preparation, Assay and Transduction Procedure

(a) Preparation of phage Pl lysates

The preparation of phage and the transduction procedure were
based on the technique described by Glover (1962). Donor bacteria
grown to stationary phase in TB and resuspended in phosphate buffer

supplemented with a final concentration of 10—3 M CaCl,, were shaken

2
for a further two hours at 3700; 0.1 ml Pl and 0.2 ml donor bacteria
(me0.i 5-10) were then mixed and allowed to stand for 5 minutes at
37°C; b ml of soft agar was added, the suspension poured onto TB agar
plates, and incubated for 14 hours at 37°C. Confluent lysis of the
donor bacteria was then observed and the top agar was removed, shaken
with 2 ml of phage buffer for 15 minutes before centrifugation at
5,000 r.p.m. The supernatant was again shaken with a few drops of
chloroform and centrifuged at low speed; the supernatant was finally

titred on a stationary phase TB culture of the wild type, strain C600,

and retained for transductional studies. Lysates obtained in this
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way usually contained ca 10-0-1011 p.f.u/ml.

(b) Phage Buffer.

The constituents of phage buffer were as follows:

Na2HP04 10,5 gm 0.01 M CaC12 15.0 ml
KH PO, 4.5 gm 1% gelatin 1.5m
NaCl 7.5 gm 1.47 L distilled water

(c) Assay of Phage Pl Lysates

Aliquots of 0.1 ml of phosphate buffer dilutions of the phage
Pl lysate prepared as above were mixed with 0.2 ml of a TB culture
of a Pl sensitive wild type strain, CSOO)previously grown to
stationary phase in TB, centrifuged and resuspended in an equal
volume of phosphate buffer supplemented with a final concentration
of 10"3 M CaClZ.- The phage-bacterial mixture was mixed with 4 ml
soft agar after standing at 37°C for 5 minutes, and the suspension
was poured onto TB agar plates and incubated for 14 hours at 37°C.
From the number of plaques arising, the titre of the phage preparation

was calculated.

(d) Pl Transduction

Cultures of the recipient bacteria were grown in TB to ca

8
2 x 10” cells/ml, and resuspended in 1/5 volume of phage buffer
supplemented with lO-3 CaClZ. An equal volume of phage lysate was

added (m.o.i 10-20) and the mixture incubated at 25°C for 90 minutes.
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The adsorption mixture was centrifuged and the pellet resuspended
in phosphate buffer supplemented with 0.5% sodium citrate to
prevent reinfection on the plates. Aliquots of O.l1 ml of serial
dilutions made in buffer again supplemented with 0.5 ml sodium
citrate were then plated on the appropriate selective medium for
incubation.

Definitions

1. Colicin E2-refractory mutants (Ref-II) were defined by Hill and

Holland (1967) as those mutants which, although adsorbing colicin E2
as efficiently as did the wild type, are refractory to colicin E2

at 30°C yet sensitive at #OOC. Ref-II mutants are sensitive to the
colicins El and E3 at both 20 and 40°C.

2. refA and refB loci. The refA locus is the locus of a gene, refA
which in some way participates in the expression of éolicin E2-

refractivity. This gene has been entirely arbitrarily designated

to be "wild-type" (£3£A+), when refractivity cannot be expressed,
and mutant, refIIA, when potentiating the expression of E2-refracti-
vity.

The refB locus is the locus of a second gene, refB, which when
mutated (£E£IIB) directly gives rise to Ref-II phenotypes, i.e. to
E2 refractive phenotypes. It is to be noted that, despite mutation

at the refB locus to refIIB, E2-refractivity cannot be expressed

without the participation of the refIIA allele.
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SECTION 1
ISOLATICN OF COLICIN E2 REFRACTORY MUTANTS AND GENETIC
CHARACTERISATION OF A SECOND LOCUS NECESSARY FOR THE

EXPRESSION OF E2-REFRACTIVITY

Introduction

If a multistep pathway is involved in the transmission of
the colicin effect to the intracellular target, then mutants
refractory to a single colicin are more likely to be altered in
a component participating in a later step in the pathway, than
are multirefractory mutants. Therefore a study of mutantsrefractory
to a single colicin may assist in the characterisation of later
steps in the transmission pathway. For this purpose, mutants
refractory to colicin E2 (Ref-II) were isolated.

This class of refractory mutant had previously been isolated
from one strain of E.coli K12 (Hill and Holland, 1967). These
mutants are characterised by refractivity to colicin E2 at 30°C,
whilst remaining sensitive to this colicin at 40°C and to the
colicins E1 and E3 at both 30 and 40°C. 1In this study, selection
of Ref-IT mutants from a variety of strains of E.coli K12 was
attempted.

Materials and Methods

Bacterial Strains: Characteristics and origin of bacterial strains

employed in this section are summarised in Table 1 (pp.46_49).
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Phage: Transducing phage Pl was obtained from a stock of R.W. Hedges'.

l. Production of colicin E2-refractory mutants (Ref-II mutants)

All the strains shown in Table 3, with the exception of ASH1
were each inoculated into 5 ml of NB containing 500 ng/ml of 2-amino
purinq (Sigma Chemical Co., andon) and incubated statically for 24
hours at 37°C to a final cell concentration of ca 8 x lO8 cells/ml.
Dilutions of the cultures were subsequently plated on NB agar plates
containing 103_104 units/ml of colicin E2, and incubated at 25°C for
24 hours. Duplicate replicas of resistant colonies were then made
to NB agar plates overlayered with top agar containing 5 x 103 units/
ml of either colicin E2 or colicin E3 and incubated at 25°C or 40°C
for 24 and 14 hours respectively.

The master and replica plates were then examined and compared.
Those colonies present on the colicin E2 plates which did not appear
on the colicin E3 plates were isolated, purified and subjected to
further examination. Static NB cultures of these strains in late
log phase were then prepared and a loopful of each culture str;aked
over colicin E2 and E3 streaks,previously prepared on NB agar plates,
and incubated at 25°C and 40°C. Those mutants resistant to colicin
E2, but still sensitive to colicin E3 in such tests were regarded
as Ref-II mutantsvand were retained.

It is importént to note that the adsorption of colicin E2 to

the Ref-II mutants isolated in this study was not measured. In this
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respect, the dfinition of Ref-II mutants has been relaxed from the
criteria originally applied by Hill and Holland (1967), who defined
Ref-II mutants as those mutants which actually adsorb colicin E2
yet which are refractive to its effects. However it was considered
that since the methods of isolation were the same, it was reasonable
to assume that all E2-resistant mutants isolated in this way were
refractory. This was apparently confirmed in later genetical studies
(Section III), when it was found that all mutants, including some
initially isolated by Hill and Holland (1967), were genetically homo-
genous. The possibility of the existence of both refractory and
non-refractory phenotypes amongst the Ref-II mutants isolated in
this study can therefore be discarded.

2. Pl transduction (described in General Methods)

(a) Screening of colicin E2-refractive transductants: For the

selection of Ref-II transductants, different dilutions of the re-
suspended phage-bacterial adsorption mixtures were incubated without
shaking in NB for 90 minutes at 37°C to allow the expression of E2-
refractivity (see Section IV). The cultures were then plated on NB
agar plates supplemented with 5 x 103 units of colicin E2. Plates
were incubated for 24 hours at 25°C and the E2-resistant colonies

3

were then again replica-plated to plates containing 5 x 10” units/
ml of colicin E2 and to plates containing 5 x 103 units/ml of

colicin E3 to confirm the Ref-II phenotype.
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Results

A. Isolation of Mutants Refractory to Colicin E2

Hill and Holland (1967) had previously found that the most
common type of colicin E resistant mutant isolated by selection
against colicin E2 displayed resistance to all E group colicins.
Furthermore, adsoprtion tests demonstrated that this class of
mutants failed to adsorb E group colicins, and it was presumed that
resistance had arisen through loss or inactivation of the specific
E group cell surface receptor. This non-refractory, receptor-minus
group was designated E. The second most predominant class of
mutants was resistant to colicins E2 and E3 and sensitive to colicin
El in a variety of phenotypes. These mutants were designated E32.
No mutants were found with a combined resistance to the colicins El
and E2, or to El and E3, a point taken as an indication of the early
separation of the receptor structure and transmission pathway of
colicin E1 from that of colicins E2 and E3. As Ref-II mutants alone
were required in this study, screening of E2-resistant mutants by
replication to lawns of colicin E3 was considered sufficient to
distinguish those mutants refractive to colicin E2 alone from those
resistant to at least the two E group colicins, E2 and E3. E2~
refractive mutants isolated thus were then screened against colicin
E2 at 30°C and hOOC, as a further characteristic feature of Ref-II

mutants isolated by Hill and Holland (1967) was refractivity to
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colicin E2 at 30°C and sensitivity at 40°C.

In the initial mutant isolation from strain ASH10, complete
screening of the mutants was performed by replication of resistant
colonies to plates supplemented with the respective colicins El,

E2 and E3;at 30°C and 40°C,to determine the relative proportions

of B, E32 and E2-refractive phenotypes. As can be seen from

Table 2, mutants of the E and E32 groups remained the predominént
classes isolated from ASH10, although their relative distribution

was somewhat different to that obtained from ASH1 by Hill and Holland
(1967). Ref-II mutants were still the minority class.

Ref-II mutants, as shown in Table 2, are refractory to colicin
E2 at 30°C but remain sensitive at 40°C. Such mutants had previously
been readily isolated from only one strain, ASH1, out of 4 strains
tested (Hill and Holland, 1967). 1In this study attempts were
made to isolate Ref-II mutants from a variety of additional strains,
and during the course of these experiments it was observed that by
selecting and testing suspect E2-refractory mutants at 25°C rather

than 30°C, mutants could be obtained in a limited number of other

17
g

strains, i.e. 7Oout of 15 tested (Table 3)
It should be noted, however, that the comparative frequency
of Ref-IT mutants in these other strains is lower than that seen
in ASH1 (10%) (Hill and Holland, 1967) and in ASH10 (28%). Further-

more, although the numbers of mutants screened derived from 4 strains
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TABLE 2

Phenotypes of Colicin E Resistant Mutants Isolated from ASH1O

Group Selection incidence Response to colicin
Strain & of total resistant
ype mutants (%) E1.37° | E2.25° 40° | E3.37°

ASH10 E ) R R R R
(total

of 449 E32 50 S R R R
resistant

mutants E2250 8 S R S S
tested)

Cultures of ASH1O treated with 2-amino purine were plated on NB
plates supplemented with 5 x 103 units of colicin E2 and screened
for different colicin resistant and refractory mutants as described
in Methods (Section I).
Erequency of mutation to colicin E resistance:-

without 2=-amino purine 10-7

A

with 2=-amino purine 10
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TABLE 3

The Incidence of Colicin E2 Refractory (Ref-II) Mutants Isolated

from a Variety of Strains of E.coli by 2-Amino Purine Treatment

coi | resistant | (Now testea) |7z Nos of | % incidence
1:‘;;:{:22 - - mutants mutants
25°c  40°C 37°¢C
ASH10 L48 345 310 310 35 7.8
600 145 135 135 135 0 £ 0.8
ASH3 220 199 197 197 2 1.0
ASHL 671 606 601 601 5 0.6
E9k4 198 122 119 119 3 2.5
IB11 270 251 251 251 0 < 0.k
ROW 150 78 78 78 0 <1.2
ASHS 90 87 84 8L 3 3.9
E6 gg(a) b7 47 47 0 £ 2.0
E32 ' 123(a) 85 85 85 0 {1l.1
rec3h ALY 63 63 63 0 <1.3
KMBL24O 112(a) 7 7 71 0 <1.2
4K 281 062 262 262 0 < 0.k
YK-T" 221 198 194 194 N 1.8
|

(a) The numbers of E resistant mutants screened was insufficient

to ensure non-occurrence of Ref-II mutants in these strains.
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was rather too low to draw any definite conclusion, 8 strains still
failed to produce Ref-II mutants. It was conceivable that the
inability to isolate E2 refractive mutants from these strains was
the reflection of a further mutation in a second gene, which in
some way is essential for the phenotypic expression of E2 refractivity.
Further indication of the presence of such a mutation also became
manifest in transductional studies (described in Section III) where
considerable difficulties were encountered in trans#iucing the refll
mutation to particular recipient strains from which Ref-~II mutants
could not be derived. These difficulties were eventually resolved
by the transduction of a second gene into the recipient strain, after
which the E2-refractive phenotype was expressed normally (see below).
Investigation into the history of the E.coli strains used
revealed that the majority of the strains from which E2-refractive
mutants were isolated had previously been exposed to heavy mutagenesis
by such severe agents as NMG,and so the random occurrence of such a
second mutation is not unlikely. This second gene has tentatively
been designated to be in the non-mutated state when present in a
strain from which Ref-II mutants cannot be derived, and is referred
to as the "refA" gene. On the other hand the gene refB is that which,

when mutated by 2-amino purine treatment,produces colicin E2
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refractivity. The ref status of various strains is therefore as
follows:
Strain 4K - £g£A+ £g£B+ -~ incapable of expressing E2-refractivity
Strain ASH10 - refIIA £g£B+ - E2-refractivity can be expressed after
receipt of the refIIB allele, or
mutation of the refIIB gene.
Strain ASH102 - refIIA refIIB - Ref-II mutant of ASH10, i.e. E2
refractivity is expressed.
Strains from which Ref-II mutants could be isolated were presumably
therefore initially of the reflIA genotype. It must, however, be
emphasised that the method of designation of the second gene,
potentiating the expression of E2-refractivity, is entirely arbitrary.
For example, it is equally possible that strains such as LK and IB11,
from which Ref-IT mutants could not be obtained, carry a mutated refA
gene, whereas strains capable of expression E2-refractivity are
"wild-type'". This point cannot be clarified until the precise function
of the refA gene is known, but in this study the above nomenclature
will be used.

B. Location of the refA gene on the bacterial chromosome of E.coli

In the course of transduction studies, it was observed that a
number of thr' transductants from a cross between the Pl donor, ASH3;

(thr™ leu™ refIIA) and the recipient 4K (thr~ leu  refAt) were capabvle
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expressing the E2-refractive phenotype after subsequent transduction
of the refIIB locus from an E2 refractive mutant. It was apparent,
therefore, that the refA locus is linked to thr. To confirm this,
and to precisely locate the refA locus, a large number of EE£+
transductants from a cross between a refITA donor and refA recipient
were screened for the subsequent ability to receive and express
transduced colicin E2 refractivity. For this purpose, strains of

known refA and refB status, as shown in Table 4, were employed. In

all, 60 £2£+ transductants of the recipient strain 4K were then
selected after a cross between the donor, ASH3, and the recipient

4K, These transductants were subcultured, and subsequent transduction
crosses with these strains as recipients were carried out with P1
grown on the Ref-II mutant, ASHS. Selection for E2-refractivity was
made, and the number of the Eggf transductants of 4K with the ability
to receive and express E2-refractivity was so determined. . This was
then taken to indicate the chromosomal position of the refIIA locus.

Following the transduction of thr into 4K from Pl L2 out

(ASH3),
of 60 Eng transductants were able to receive and express colicin E2-
refractivity from the Ref-II mutant, ASHS55. Furthermore, this number
dncluded 3 Eng transductants which also had inherited the unselected
lggf marker from ASH3, indicating that the refIIA locus was not only
70% linked to thr, but probably also was positioned to the right of

thr on the bacterial chromosome. These results are summarised dn

Table 5.
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TABLE 4

'ref.Status and Genotype of Strains Employed in the Location of

the.refﬁ Locus

Response to

E2 refractive

«'s ref status and

Strain colicin E2 mutant derivation genotype

25°% | 4o°c
4K S S - refAt refB' thr~ leu”
ASH3 S S + refIIA refB" thr' leu’
asush(® | g S + refITA refIIB thr' leu'

(a) 2-amino purine derivative of ASH3

Preparations of Pl were first made on ASH3 as a donor strain.
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"RefIIB" - (E2 refractive) - transductants were scored after
plating of transduction lysate on NB plates containing 5 x 103
units of E2/m1,after 90 minutes incubation at 3700 in NB to
;llbw for expression of E2 refractivity (see Methods, Section I).
Plates were incubated for 24 hours at 25°C and colonies arising
were replicated to lawns of colicins E3 and E2; only those trans-
ductants capable of producing colonies refractive to colicin E2
at ZSOC, yet sensitive to E2 and E3 at 37°C, were scored as

"RefIIAY.



TABLE 5

[4 ]
Linkage between the thr ,leu and refA loci

Analysis of trans-
P1 donor P1 recipient Selected| No. ductants (scored‘as %)
marker scored
thr' | leu’ | refITA
ASH3 Lg
(thrt leu’| (thr~ leu” thrt 60 100 [ 6.5 | 70
refITA) | refa’)
Possible classes | No.scored| %
thr’ leu’ refIIA 4 6.7
thr leu' refa’ 0 o
thr' leu” refa’ 18 30
thrt leu” refIIA 38 63.3
.« Probable gene order and linkage
r T |
thr refIIA leu
70—
& —6 o 5% ]
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Discussion and Conclusions

Mutants refractive to colicin E2 were isolated from only a
limited number of strains of E;gg}iaand likewise the transduction
of E2 refractivity to certain recipient strains was found to be
impossible. The presence of a second gene potentiating the expression
of the Ref-IT phenotype was therefore postulated, and mapping studies
with the transducing phage Pl have positioned such a gene to the
right of, and 70% linked to, the thr locus on the E.coli chromosome.

The way in which the refIIA gene affects the expression of
colicin E2 refractivity is not yet known. However this mutation may
be ascribed to having one of at least two effects. For example, it
may suppress in some way an otherwise lethal consequence of the
mutation of the refB gene. Alternatively, this gene may control the
formation of some further cell constituent which may require alter-
ation before the change wrought by mutation at the refB locus can

result in refractivity to colicin E2.
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SECTION II
PHYSIOLOGICAL PROPERTIES OF COLICIN-E2 REFRACTORY MUTANTS

Introduction

Since a primary observable effect of colicin E2 is the rapid
induction of DNA degradation in sensitive bacteria, the activation
of one or more deoxyribonucleases is presumably involved. When it
is considered that refractory mutants, although still adsorbing the
colicin E2 molecule to specific E-group receptors in the cell surface,
do not degrade their DNA or show any inhibition of cell division, it
is apparent that colicin action is blocked at some stage prior to the
initiation of DNA degradation. This failure to transmit the colicin
stimulus could be envisaged to occur through changes in components of
the cytoplasmic membrane essential to the transmissibn system, or in
the activity of a deoxyribonuclease or deoxyribonucleases normally
participating in the enzymic degradation of DNA. In the latter event,
the actual loss or defective synthesis of an enzyme, the alteration
of the specificity of attachment of the enzyme to the membrane, or
subtle alteration of the final substrate, the DNA, could prevent
nuclease induced degradation.

Seferal nucleases are thought to participate in the repair,
replication and recombination of DNA, and it is known that a common
characteristic of many strains carrying mutations affecting the

activity of these enzymes is an increased sensitivity to ultraviolet
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irradiation (Howard-Flanders and Boyce, 1966; Clark, Chamberlin,

Boyce and Howard-Flanders, 1966). Accordingly, to test the hypothesis
that Ref-II mutants have in some way undergone a change in nuclease
activity, the response of a number of Ref-II mutants to UV irradiation’
was determined. Furthermore, in an attempt to determine the nature

of the defect in any Ref-II mutants which displayed concomitant UV
sensitivity, their response to X-ray irradiation was also determined
and compared to that shown by a known Rec™ mutant which is both UV

and X-ray sensitive.

The mutation to colicin E2 refractivity may alternatively involve
modification of some membrane component or even of the DNA itself which
could in turn disturb control of cell growth and cell division (Helm-
stetter and Pierucci, 1968). 1In this case, one might anticipate that
the mutation might be reflected by abnormalities in the growth patterns
of mutant strains, and in extreme cases morphological peculiarities
of the cell surface structure may become apparent in particular mutants.
The growth characteristics and cellular morphology of selected Ref-II
mutants were therefore investigated. De Zwaig and Luria (1967) have
in fact previously reported an increased sensitivity of some mutant
classes, displaying joint refractivity to colicins E2 and E3, to
sodium deoxycholate (DOC) and EDTA, and suggested that this property
indicated some alteration in components of the cytoplasmic membrane
produced by the mutation. Accordingly, the sensitivity of Ref-II
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mutants to sodium Eoxycholate was also tested. In addition the
possibility that the refA locus, necessary for phenotypic expression
of E2 refractivity, also involved alteration in cells surface
properties was determined by testing the DOC sensitivity of Ref-IIA
strains.

As mentioned in the Introduction, the inhibition of cell division
of sensitive cells when exposed to colicin E2 is known to take place
almost immediately after induction of DNA breakdown (Holland, 1968).
Therefore it is likely that E2-refractivity could also derive from the
alteration of some membrane component which is also involved in the
normal cell division mechanism. Consequently, any indications of cell
division defects in the mutants were particularly looked for."

Materials and Methods

. . . . + .
Bacterial strains: The characteristics of relevant ref strains

referred to areshown in Table 1; the genotypes and derivation of
principle Ref-II mutants are shown in Table 6. The origin of other
refll mutants will be stated where necessary. Unless specifically
mentioned to the contrary, all £g£+ strains referred to in this
Section are capable of the expression of E2-refractivity and therefore
have the genotype refIIA, £g£B+. These will be simply referred to as
ref’.

Phage: The transducing phage Pl was initially obtained from R.W.
Hedges. The virulent mutant of phage A, Agv (Jacob and Wollman, 1953)
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was obtained from I.B. Holland.

1. UV Sensitivity

(a) Screening of Ref-II mutants for UV sensitivity

For the detection of UV sensitive strains amongst Ref-II mutants,
10-fold dilutions of late exponential TB cultures of bacterial strains
at ca 5 x 108 cells/ml were streaked onto duplicate TB agar plates.

The source of irradiation was a low-pressure mercury lamp (Hanovia
Ltd) with a dose rate at room temperature of approximately 6.5 ergs/
mma/éec at 46 cm. Plates were covered with an opaque sheet, which,
when placed under the UV source, was progressively withdrawn downwards.
In this way, different parts of the streak were exposed to 60, 40, 30,
20, 10 and 5 seconds irradiation, and one portion was not exposed. One
plate was then incubated at 25°C and one at 40°C in the dark for 24
hours and 14 hours respectively. The resulting growth of the tested
strains was compared to a parental control, resistant to LO seconds

of UV irradiation. All strains gave an identical response at both
temperatures, and 6 strains which showed sensitivity to 15 seconds

of irradiation or less were selected for further study (Plate 1).

(vb) Quantitative determination of survival

For the quantitative determination of the survival of irradiated
bacteria, strains were grown in TB to a cell density of ca 5 x lO8
cells/ml, resuspended in buffer, and plated after appropfiate dilution

in phosphate buffer onto TB agar plates. The plates were then
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Plate 1 Plate Screening Method for UV

Sensitivity

Sensitivity of ASH1, ASH10 (UVR), and the Ref-II,

UV° mutants ASH112 and ASH113, to UV irradiation.
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irradiated over a dose range of 0-400 ergs, incubated in the dark
for 14 hours at 37°C, and the surviving fraction counted.

(¢) Effect of physiological conditions on the response to UV

irradiation

Exponential cultures of bacterial strains in minimal and complex
medium at ca 5 x 108 cells/ml were adjusted to a final density of 108
cells/ml. Aerated growth at 37°C was continued, and duplicate O.1 ml
samples were removed at 30 minute intervals. One such duplicate was
diluted through phosphate buffer, plated on TB agar plates and not
irradiated; one was similarly diluted and plated and then irradiated
for 40 seconds. All plates were incubated for 14 hours at 37°C in

the dark, and the resulting colonies counted.

(d) Effect of pantoyl-lactone on UV sensitivity

For the quantitative determination of the effect of pantoyl-
lactone on the survival of irradiated bacteria, strains grown in TB
to a density of ca 5 x 108 cells/ml were resuspended in buffer and
plated after appropriaté dilutions onto plates of TB agar containing
0.08 M concentrations of DL-pantoyl-lactone (Van de Putte, Westen-
broek and RBrsch, 1963) (Calbiochem, Los Angeles, U.S.A.). The plates
were irradiated and incubated in the dark for 14 hours at 37°C, and
the surviving fraction counted.

2+ Measurement of Growth Rate

Measurement of growth rate was examined by three methods.

75



(a) Turbidity Determination

(i) with an Eel Portable Colorimeter (Eatons Electroselenium Ltd.,

Halstead, Essex). 0.5 ml of overnight cultures of the various strains
examined wére re-inoculated into 10 ml of NB. Increase of optical
density (OD) of the aerated cultures at 37°C with time was measured
directly through a blue filter 621.

(ii) with a Gilford 300 Microsample Spectrophotometer (Wright Scientific

Ltd. London). Overnight cultures of the respective strains at ca 109
cells/ml were Coulter-counted and 40 ml NB fresh cultures were initiated
at 107 cells/ml. Aerated growth at 3?°C was followed by removal of

0.5 ml duplicate samples at 20 minute intervals; OD was measured. at

a wavelength of 550 mu.

(b) Total Bacterial Cell Number was followed by Coulter-counting (see

General Methods).

(C) Viable Bacterial Cell Number

O.1 ml samples of bacterial cultures were diluted, plated on NB
agar, and incubated at 37°C for 14 hours.

3. Microscopic Characteristics of Ref-II Mutants

NB agar grown colonies and NB cultures of certain Ref-II mutants,
after storage for 5 days at #OC, were examined under a phase contrast
microscope (Wild (Heerbruge) Switzerland).

k. Colonisl Morphology on Minimal Agar

Late exponential phase cultures of strains to be examined were
streaked onto minimal agar plates, incubated for 24 hours at 37°C and
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the morphological appearance observed. Capsule formation was tested
by staining with a 1 in 20 dilution of Indian Ink and observed under

phase.,

5. Sodium Deoxycholate (DOC) Sensitivity

(a) Screening for DOC sensitivity

For the detection of increased sensitivity to DOC, late exponent-
ial NB cultures of bacterial strains with a cell density of ca 109 cells
/ml were streaked in duplicate onto 5 duplicate, freshly prepared, NB
sgar plates containing respectively 2.5%, 1.0%, 0.5%, 0.1% and 0% DOC
(Sodium Deoxycholate, BDH Ltd., England). One set of duplicateé was
incubated at 40°C for 14 hours, and one at 25°C for 24 hours, and
subsequent bacterial growth was recorded in terms of growth (R) or
non-growth (S) of strains on the various concentrations of DOC. Strains
sensitive to less than 1.0% DOC concentrations were selected for further
study. It was considered important to read the plates immediately after
the set incubation time, particularly with low concentrations of DOC, as
background growth in some.cases would eventually have been sufficient to
mask true resistant growth.

(b) Quantitative determination of survival

For the quantitative determination of the survival of bacterial
strains when exposed to concentrations of DOC, exponential NB cultures

8 cells/ml were adjusted to 108 cells/ml, and plated after

at ca 5 x 10
appropriate dilutions onto NB agar plates containing 1%, 0.5%, 0.l%,
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0.01% and 0% DOC. Plates were incubated either at 25°C for 24 hours,
or 40°C for 14 hours, and the survival fraction counted.

6. X=Ray Irradiation

The source of irradiation was a Gamacell 200 (Atomic Energy
of Canada, Ltd.) containing cobalt 60 with an initiial content of 1900
curies in March 1962. The current output was 0.13 megarads/hour.
Strains to be irradiated were grown to a cell density of ca 5 x lO8
cells/ml in TB and adjusted to a cell density of 108 cells/ml; 2 ml
of culture contained in 1% x 2" stoppered tubes were then irradiated,
and after subsequent diltuion, O.1 ml aliquots were plated on TB agar
plates. These were incubated for 14 hours at 37°C, and the surviving

fraction counted.

7. Preparation and Assay of A

(a) Preparation

Stocks of Agv were prepared as follows. The contents of a single
plaque, suspended in 0.05 ml phosphate buffer, were added to 0.1 ml of
stationary phase bacteria grown in TB supplemented with a final concen-
tration of 10-3 M MgSOh. After incubation at 37°C for 10 minutes, 4 ml
of soft agar was added and the. mixture overlayered on TB agar plates
containing a final concentration of 10"3 M MgSOk. The plates were then
incubated at 37°C for 14 hours, after which the top layer was removed,
shaken with 2 ml of buffer for 15 minutes, centrifuged, and a few drops
of chloroform added to the final supernatant.
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(b) Assay
For the assay of Agv prepared as above,0.1 ml aliquots of

various dilutions of the phage ih phosphate buffer were mixed with
0.2 ml of indicator bacteria. The latter were previously grown to
stationary phase in TB containing a final concentration of 0.25%
maltose and ‘IO-3 M Mgsolt,centrifuged,resuspended in buffer and
starved for two hours at 3700 before use. After 10 minutes at 37°C
for adsorption, the phage-bacterial mixture was plated with 4 ml of
soft agar on TB plates supplemented with a final concentration of
107> M MgSO4,and incubated for 14 hours at 37°C. The resulting
plaques were counted,and the titre calculated.

(¢) Release of phage from lysogens

Cultures of bacterial strains were grown to late exponential
phase (ca 107 cells/ml) and adjusted to a final density of 108 cells/
ml. The cultures were centrifuged,resuspended in phosphate buffer
and irradiated for different time intervals in a thin layer (2mm).
Following irradiation,the cultures were again centrifuged,resuspended
in NB and incubated at 37°C for 60 minutes for phage release. After
subsequent centrifugation, 0.1 ml aliquots of the supernatant were
diluted through phosphate buffer and assayed for free phage A on a
X—,AS bacterial indicator strain,ASHA.

(d) Adsorption

Bacterial strains,grown to a density of ca 5 x 108 cells/ml in
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TB supplemented with a final concentration of 10-3 M MgSOh and 2.5%
maltose, were adjusted to a density of 2 x'lO8 cells/ml. One ml of
bacterial culture was mixed with 1 ml of phage Agv at a multiplicity
of 1:1, and the phage=bacterial mixture was allowed to stand at 37°C
for 15 minutes before centrifugation and subsequent assay of the
supernatant fraction for free phage on the A A® indicator strain,
ASHl. As a control, the adsorption of KE! to 'a lambda receptor-minus

Salmonella typhimurium strain, 906, was also determined.

(e) Spot test of Agv resistance

Cultures of the strains to be tested were grown in TB, supple-
mented with a final concentration of 10-3 M MgSOk and 2.5% maltose,
to a density of ca 5 x 108 cells/ml3 loopfuls of the culture were
spotted onto TB agar plates and allowed to dry. These were half over-
layed with loopfuls of phosphate buffer dilutions of Agv, and allowed
to incubate for 8 hours. Resistant bacterial mutants were thén observed
to give a full circle of confluent growth at a given dilution of the
phage, whereas with sensitive mutants, only a characteristic half-moon
of growth had occurred on the area of the culture not overlayered by
the phage.

8. Infection and Assay of Pl

Stationary phasecultures of bacterial strains grown in TB supple-

mented with a final concentration of 10-3 CaClé were infected with

dilutions of Pl as described in General Methods, and the plating effici-

ency calculated after incubation for 14 hours at 37°C.
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Results

A. Irradiation Sensitivity of Ref-II Mutants

1. Qualitative response of mutants to UV

To investigate the hypothesis that Ref-II mutants were refractory
because of modification in the activity of enzymes concerned with UV =
repair processes and/or the recombination of DNA, twenty two mutant
strains were screened on TB agar plates for increased sensitivity to
UV. The results are shown on Table 7.

Of the strains tested, seven did indeed display increased sensi-
tivity to UV, These UV sensitive mutants were characteristically
sensitive to fifteen seconds or less of UV irradiation, whereas parental
controls and all other Ref-II mutants showed normal growth after 30
seconds of irradiation. It is important to note that the strains were
sensitive to UV at both 25° and 37°C, and thus UV-sensitivity, unlike
E2-refractivity is not conditional upon temperature.

2. Quantitative Response of Mutants to UV

The UV sensitivity of various Ref-II UV® mutants was now deter-
mined more precisely and compared with that of a known RecA strain,
rec34 (Van de Putte, Zwenk, and Rgrsch, 1966). Exponential and station-
ary phase cultures of various stréins grown in TB broth were therefore
plated and irradiated as described in Methods, Section II and the

results obtained are shown in Figures 3 and 4.
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(a) = 2-amino-purine
(b) 1Isolated after AP treatment of ASH100, a EEE? met

recombinant obtained from an ASH10 x HfrH cross.

Streaks of cultures were irradiated as described in
Methods, Section II, on TB agar plates. Those Ref-II
mutants sefisitive to 15 seconds or less of UV irradia-
tion were considered sensitive, and selected for further

study (see Plate 1)



Response to UV Irradiation of Some E.coli K12 Ref-II Mutants

TABLE 7

Response to UV

Strain Sex Origin at 25°C and 37°C
ASHS0 7 | 4p'®) mutation from ASH10 R
ASH51 F ditto R
ASH62 F ditto R
ASH63 F ditto R
ASH6L F ditto R
ASH66 F ditto R
ASH67 F ditto R
ASHS80 F ditto R
ASH102 F ditto R
ASH112 F ditto s
ASH113 F ditto S
ASH115 F- ditto s
ASH116 F ditto S
ASH101 Hfr| AP mutation from ASH1 R
ASH111 Hfr ditto S
ASH11k4 Hfr ditto s
asm10®| mer S
asa117®| mer R
ase118(®)| mer R
ASHS4 Hfr| AP mutation from ASH3 R
ASH55 Hfr| AP mutation from ASHA& R
ASH57 F~ | AP mutation from ASHS R
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Fig. 3. The response of exponential cultures of certain

Ref-II, UV° mutants and a RecA mutant to UV

irradiation

Exponential cultures of various strains in TB at densities
of ca 5 x 108 cells/ml were adjusted to %08 cells/ml, re-
suspended and diluted in phosphate buffer and plated on

TB agar plates. After irradiation, plates were incubated
in darkness at 37°C for 14 hours and the surviving fraction

determined.
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Fig. 4. The response of stationary phase cultures of certain

Ref-T1I, UVs mutants and a RecA mutant to UV irradia-

tion

Stationary phase cultures of various strains in TB were re-
suspended and diluted in phosphate buffer, and plated on TB
agar plates. After irradiation, plates were incubated in
darkness at 37°C for 14 hours and the surviving fraction

determined.
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As anticipated, all exponentially growing Ref-II Uv® strains
showed increased sensitivity over the parental zng strain, ASH10,
yet, with the exception of ASH116, all mutants were more resistant to
UV than the RecA strain, 5223#' The response of the Ref-II UV® strains
to irradiation was by no means identical - ASH116 was the most sensi-
tive and ASH112 the most resistant. Similar results were obtained with
both stationary and exponential cultures, with the relative sensitivity
of different mutants the same under both conditions. With stationary
phase cultures, however, the UV sensitivity of all Ref-II UV® mutants
was seen to decrease in contrast to the RecA strain, 53534, which was
unaltered. When the quantitative response of stationary phase Ref-II
UV° mutants was repeated at 25°C, results were very similar to those
obtained at 3?°C. This observation confirms that seen in the initial
screening of mutants for UV sensitivity. Thus UV sensitivity of these
Ref-II UV® mutants, unlike E2-refractivity, is not a conditional
property.

3. Effect of Physiological Conditions on the Response of Ref-II1 e

Mutants to UV Irradiation

(a) 1Influence of medium and stage of growth

When loopfuls of cultures of Ref-II mutants were cross-streaked
over colicins E2 and E3 on NB agar platés and incubated at 25°C and
4o°c, only one out of 435 mutants tested (Section:1) was refractory

to colicin E2 at both temperatures. Additional Ref-II mutants,
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however, displayed refractivity at both temperatures when tested in
NB liquid culture whilst in contrast many Ref-II mutants largely
lose their refractivity if grown in a minimal glucose medium (Holland,
personal communication). Similarly, in this study, when cross streak
tests were performed on minimal agar containing E2, all Ref-II mutants
were found to be completely sensitive at both temperatures. The results
indicate that colicin refractivity was dependent upon the physiological
condition of the cells in some unknown way. Experiments were therefore
initiated to determine the influence of external and internal physio-
logical conditions on the concurrent UV sensitivity of some Ref-II1
mutants. Figure 5 shows the UV sensitivity of the Ref-II V" mutant
ASH102 and the Ref-II UV® mutant ASH112, grown in complex or minimal
media., The effect of age of the cultures on UV semstivity was also
investigated, and the results are also shown in Figure 5.

The decrease in UV sensitivity previously shown by the Ref-II
UV® mutant in stationary phase (Fig. 4) was confirmed, and was found
to occur in minimal media as well as complex broth. However when grown
in minimal medium, ASH112 displayed a 50-fold decrease in sensitivity
whilst the sensitivity of ASH102 was the same in both media. This
change in UV sensitivity with physiological conditions of ASH112 may
well correspond to the similar shift in colicin E2 refractivity previous-
ly observed. These results do emphzsise the importance of the mainten-
ance of exact physiological conditions both in the expression of

colicin E2 refractivity and UV sensitivity of certain Ref-=II mutants.
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Fig. 5. Influence of stage of growth, and growth medium

on the UV sensitivity of certain Ref-II mutants

Cultures of the strains ASH102 (Ref-II UV") and ASH112 (Ref-II
UVB) at ca 5 x lO8 cells/ml in minimal and complex medium were re-
inoculated at an initial density of 108 cells/ml into fresh
medium. Samples were removed at 30 minute intervals, plated

on TB agar after appropriate dilution, and immediately irradia-

ted for 40 secs; plates were incubated in darkness for 14 hours

at 37°C and the survival fraction determined.
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L, 1Influence of DL Pantoyl Lactone

Pantoyl lactone in the growth medium was first reported by
Grula and Grula (1962) to reverse the inhibition of division produced
by D-amino acids, penicillin or UV in a species of Erwinia. Subsequent
observations by Van de Putte, Westenbroek and R8rsch (1963) and Donch,
Green and Greenberg (1968) revealed that the addition of appropriate
concentrations of pantoyl lactone to the medium after irradiation
reduced the formation of filaments in the Fil* and Lon™ strains of
E.coli, and therefore increased the survival of these strains to a
level almost equal to that of the control wild-type strains. Pantoyl
lactore is thought to increase the UV resistance of such Fil* and Lon~
by overcoming the failure of the cell division mechanism. Pantoyl
lactone presumably does not have any effect on repair enzymes and
consequently does not influence the sensitivity to UV shown by Uvr
and Rec  mutants. (Van de Putte, Westenbroek and ROorsch, 1963)

The effect of pantoyl lactone in the post-irradiation growth
medium on the UV sensitivity of certain Ref-II UV® mutants was there-
fore determined.

Cultures of various strains, including a UV® RecB mutant, JC4457,
were incubated on TB agar plates with and without pantoyl lactone, and
the survival fraction counted after incubation. The results, shown in
Figure 6, demonstrate as anticipated that pantoyl lactone does not

influence the survival of the recB strain, JC4457. 1In contrast, two

89



90



out of three of the Ref-II UV® strains tested did show significant
recovery on TB plates supplemented with pantoyl lactone after a 40
second dose of UV. The survival of ASH112 was 6-fold enhancéd but

the effect was mot most marked with ASH113, where surivival increased
approximately 20-fold. However the filamentous Ref-II UV° mutant
ASH111 showed little or no pantoyl lactone recovery. Possibly the
extreme cell division defect evident without irradiation in this
strain (see Section II, growth characteristics) could not be retrieved
with pantoyl lactone.

5. Quantitative Response of Ref-II Mutants to X-Irradiation

As will become evident from the genetic analysis of Ref-II
mutants described in Section III, the majority of the Ref-II e
mutants produced significantly lowered numbers of recombinants after
crosses with suitable male strains. Now recombination deficiency is
a characteristic of certain previously isolated classes of UV sensi-
tive mutants (Clark and Margulies, 1965), and such Rec mutants were
found to be also sensitive to X-irradiation (Van de Putte, Zwenk and
Rgrsch, 1966). To compare the Ref-II UV® mutants to this class of
previously isolated UV® Rec™ mutants, the X-ray sensitivity of certain
Ref-II UV® mutants and the 2323- strain JC4457 was therefore deter-
mined and compared, and the results are shown in Figure 7.

It can be seen that in contrast to JC4457, the Ref-II UV’ strain
and Ref-II UV° strains were only slightly sensitive to X-irradiation,
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Fige 7. X-ray survival curves for Ref-II UVSL Ref-II1

UVr and a recB UVs strain

Strains were grown in TB to a demnsity of caSx 108 cells/
ml, adjusted to a density of 108 cells/ml and X-irradiated
as described in Methods, Section II. After subsequent
dilution, O.1l ml aliquots were plated on TB agar plates and

incubated for 14 hr at 37°C.
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a further difference between Ref-II UV® and conventional UV sensitive
Rec mutants. This suggests that the repair defect in the RecB mutant
does not correspond to that in the Ref-II UV® mutant. This result,
together with the pantoyl lactone recovery of UV irradiated Ref-II e
mutants, clearly distinguishes these mutants from the classes of 1) ad
recombination deficient mutants previously isolated.

B. Growth Characteristics of Ref-II Mutants

l. Growth Rates of Ref-II Mutants

During the course of genetical and physiological studies, it was
noticed that certain Ref-II mutants had reduced rates of growth.
Experiments were therefore initiated to investigate and quantify the
growth rates of these mutants.

Initial studies were carried out using the Eel colorimeter to
determine the optical density changes during growth. However inaccura-
cies in this method were such that it was possible only to differentiate
the Ref-II mutants into two broad classes - those with a growth rate
similar to that of the parental £g£+ strain, ASH10, and a minority
with a reduced growth rate. Yet one significant fact did emerge - all
the various Ref-II UV® mutants fell into this latter category.

More accurate measurements of growth rates were obtained using a
Gilford 300 microsample spectrophotometer. A typical Ref-II V" mutant

ASH102, and the various Ref-II UV® strains were grown in NB at 37°C
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and the growth followed by OD changes. The results obtained are
shown in Figure 8, and the growth rates calculated from these curves
in Table 8.

From the curves obtained, two points are evident; not only did
the cell "doubling time" of the Ref-II UV® mutants show a significant
increase over that of £g£+ and Ref-II UV' mutants (Table 8), but
stationary phase was reached at a substantially lower cell density than
with other strains. Thus the maximum cell density in terms of absolute
cell number in the culture was 10 cells/ml with ASHIO and ASH102,
whereas with ASH112 this was reduced to 109 cells/ml. Mutation to
colicin E2 refractivity may well then be partially lethal, at least
in the case of Ref-II UV® mutants, and as such is reflected by poor
growth rates and degeted final cell concentrations of mutant cultures.

The growth rates of two strains, ASH11ll and ASH115 were also
studied in more detail, and growth followed by the determination of
increases in both total and viable cell number and in addition to the
mass increase (OD). Results are shown in Figure 9.

In the parental control ASH10 there was little discrepancy between
total and viable cell count after 200 minutes (Fig. 9a). Presumably
only a small proportion, less than 10¥% of the cells, were non~viable
and the final turbidity of the culture was accurately reflected by the
total number of cells present. In contrast, the two Ref-II UV°® mutants
ASH111 and ASH115, showed very poor plating efficiencies (Fig. 9b) -
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Fig. 8. Rate of growth of certain Ref-II Mutants

Exponential cultures of strains in NB at ca 5 x 108 cells/
ml were adjusted to a density of 107 cells/ml; subsequent
increases in turbidity with time were measured with the
Gilford microsample spectrophotometer as described in

Methods, Section II.
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TABLE 8

Mean Generation Time of Certain Ref-II Mutants in NB Culture

Strain ref %i:z(ggn?:;zion
ASH10 ref’ 36
ASH102 | Ref-II 36
ASH111 | Ref-II UV® 42
ASH112 | Ref-II UV® 60
ASH113 | Ref-II UV® 42
ASH114 | Ref-II UV® 45
ASH115 | Ref-II UV® 46

(a) cell generation time was calculated
from optical density increase (Fig. 8)

over a time interval from 20-80 minutes.






Fig. 9. Comparison of increase of turbidity and total cell

count and viable cell count of:

a. ASH10 (ref+)

b. ASH11l and ASH115 (Ref-II UV®)

Strains were inoculated into NB at 37°C at an initial
density of 10/ cells/ml and grown with aeration. Turbidity
was measured with a Gilford microsample spectrophotometer,
total cell count with a Coulter Counter, and viable count by
plating on NB agar after appropriate dilutions as described

in Methods, Section II.
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only 40% and 20¥% respectively of the total cells present after 200
minutesractuallj gave rise to viable colonies. Furthermore, the
plating efficiency of these mutants varied with the age of the culture,
the cell viability apparently decreasing as cells aged. With ASH115,
although there was good correlation between turbidity and total cell
number, only one out of five stationary phase cells gave rise to viable
colonies, indicative of either a high proportion of non-viable cells

in the culture, or fragility of cells during dilution through phosphate
buffer. A similar low plating efficiency was found with ASH11l, with
the viable count only 40% of the total count. In addition, in this
mutant there was a marked discrepancy between turbidity and total cell
count, suggestive of filament formation. The discrepancies between
total and viable cell count in these Ref-II UV® mutants is reminiscent
of lethal sectoring displayed by RecA, B and C mutants (Haefner, 1968),
and may well correspond to this character.

2+ Microscopic Examination of Ref-II UV° Mutants

From the growth rates of the Ref-II w® mutants, 1t was apparent
that a number of mutants were defective in some aspect of growth. Fur-
thermore, as the discrepancy between total and viable cell counts and
the cell mass suggested morphological peculiarities in the mutants,
phase examination of the mutants was initiated. Results were various;
cultures of the Ref-II UV® strain ASH11l particularly, and to a far

lesser extent ASH116 and ASH112, contained numbers of filaments of up
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to 30 p in length (Plate 2), most evident when slides were prepared
from colonies taken from solid NB agar (Plate 3). Stationary cultures
of ASH11l1, 113, 114, 115, and to a lesser extent ASH112 also
contained many cells showing clear indications of cell surface defects.
Many free spheroplasts, cells showing large cytoplasmic protrusions
and completely lysed cells were common, and exXamples are shown on
Plate 2. Occasionally even branched cells were observed. Ref-II el
strains and RecA, B and C mutants similarly examined by phase contrast
microscopy revealed no such defects.

Extensive filaments as found with ASH11l have also been observed
in the UV® Lon~ mutants after UV irradiation (Walker and Pardee, 1967;
Donch, Green and Greenberg, 1968), presumably through inhibition of
septum formation. An additional characteristic of Lon putents is the
formation of excess polysaccharide, particularly when cultures are grown
on minimal agar (Donch and Greenberg, 1968). In addition a mutation
affecting the cell envolope (envA ) has been described by Normark,
Boman and Matsson (1969) which also interferes with septum formation,
and strains carrying such a mutation typically produce :muceid fila-
mentous colonies on minimal agar. To test the possibility that the
Ref-II UV® strains were also defective in polysaccharide synthesis in
this way, NB grown cultures of Ref-II UV® strains, the Ref-II UV®
strain ASH102 and the parental £g£+ strain ASH10 were streaked onto

minimal agar plates, and the morphological appearance of the bacterial
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Plate 2 Phase Examination of ASH11ll

Magnification x 800, NB grown culture. Filament of
c. 30 p in right hand corner. Examples of cyto-
plasmic protrusions arrowed. Lysed cells and free

spheroplasts present.
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Plate 3 Phase Examination of ASH1ll

Magnification x 800. NB agar clone. Several
filaments are present, all displaying cyto-

plasmic protrusions.






streaks was observed after 24 hours. The results, shown on Plate

L, demonstrated that most of the Ref-II UV°® mutants grow rather
slowly, but abnormal polysaccharide synthesis could only clearly be
ascribed to one strain, ASH116. When this strain was stained with
Indian Ink and examined by phase contrast microscopy, the ink particles
could be seen to define a diffuse but distinct capsule surrounding the
cells, The property of capsule formation displayed by this strain,
has not been investigated further, and it is not yet known whether
this character has arisen directly from the mutation to colicin E2
refractivity or is associated with an indepéndent mutation at, for
example, the lon or envA loci.

C. Detergent Sensitivity of Ref-II Mutants

The poor growth rates and cell wall defects displayed by Ref-II
UV® mutants imply that at least in certain cases the mutation to
colicin E2 refractivity is particularly lethal. However the majority
of E2 refractory mutants isolated were not UV sensitive - and growth
rates were normal. To investigate possible cell surface changes in
the Ref-II UV® mutants, and to further characterise the altered
components in the Ref-II w® mutants, the sensitivity of the various
strains to the detergent sodium deoxycholate (DOC) was investigated.

1. Qualitative response to DOC

NB exponential cultures of various strains including two reft

parental control strains were streaked onto NB agar plates containing
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Plate 4 Colonial Morphology of Ref-II UV® Mutants

Late exponential cultures of ASH1O (ref'), ASH102
(Ref-II UVF) and the Ref-II UV® mutants ASH111l, 112,
113, 114, 115 and ASH116 streaked on minimal agar and
incubated for 24 hours at 37°C. Note the weak growth
of Ref-II UV® mutants particularly, and the mmcoid

appearance of ASH116.
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a range of DOC concentrations and plates were incubated at 25°C and
40°C for 24 and 14 hours respectively. The detergent sensitivity of
the RecA and RecB strains rec3l4 and JCH4S57, the Ref-IIA strain 41"
and the gggf strains 4K and C600 was similarly tested.

As may be seen from Table 9, all Ref-IT Ov® strains displayed
a marked sensitivity to DOC in comparison to the Ref-II oV and
parental EEff strains. However almost all Ref-II UV' strains were
sensitive to 2.5% DOC, in .contrast to the Rec strains, the Ref-IIA
refB" strain 4K-T*, and to the wild-type strains. In no case did the
response of any strain differ with temperature. Thus sensitivity to
DOC, like sensitivity to UV irradiation but unlike refractivity to
colicin E2, was not temperature dependent.

2. Quantitative response to DOC

The response of the Ref-II UV® strains to DOC was also determined
quantitatively at both 25°C and 40°C. To ascertain the influence, if
any, of the Ref-IIA mutation on DOC sensitivity, the responses of the
Ref-IJA £g£B+ strain 4K, and the £g£A+ £g£B+ strains C600 and 4K were
also examined at the two temperatures (Figure 11).

The results shown in Figures 10 and 11 confirmed the results
obtained from the initial screening of the mutants (Table 9). The
sensitivity of all the Ref-II UV® mutants was considerably greater
than that displayed by the Ref-II UV" mutant ASH102, and the parental
controls, ASH1 and ASH10. Furthermore, the quantitative responses of
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Exponential cultures of bacterial strains were streaked
on duplicate NB agar plates containing 2.5, 1.0, 0.5,
0.1 and 0% DOC. O;e set of plates was incubated at
25°C for 24 hours, one at 40°C for 14 hours, and sensi-

tivity recorded in terms of +/= growth.



TABLE 9

The Response of Certain Strains of E.coll K12 to Various Concentrations

of Sodium Deoxycholate (DOC) at 25° and 40°C

Response Response ?o DOC

Strain geﬁggipe ;3 (concentration (%))

2.5 |1.0 |0.5 [0.1 |0
ASHL  |refIIA refB® R R |R |R [ R [R
ASH1O |refIIA refB' R s |R |[R |R |R
ASH102 |refIIA refIIB R s | R [R | R [R
ASH112 aitto | R s |s |s | s [r
ASH113 ditto s s | s |s | R (R
ASH115 ditto s s |s|s | R |R
ASH116 ditto s s | s|R|R|R
ASH111 ditto s s{s|s|®r|[R
ASH114 ditto | S s|s|{s|®r|R
ASH50 ditto R s| R|R| R |R
ASH51 ditto R s{R|R| R|R
ASH62 ditto R R| R| R| R |R
ASH63 ditto R s| R| R| R|R
ASH64 ditto R R R R R (R
ASH66 ditto R S R R R |R
ASH67 ditto R S R R R |R
ASH80 ditto R S R{ R|{ R |R
rec34 |refA* refB* S R| R| R| R |R
Jckh57 | refa® refrs’ s R| R| R| R|[R
c600 | refa* refB® | R R| R|{ R| R|R
bK refA’ refs' R R| R| R| R|R 106
LhK-T+ refIIA refB* R R| R| R| R|R
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Fig. 10 The DOC sensitivity of certain Ref-II v

and Ref-II UV® strains at 25°C

Exponential cultures of various strains, in NB at 37°C
at ca 5 x 108 cells/ml were adjusted to 108 cells/ ml
and plated after appropriate dilutions onto NB agar
plates containing various concentrations of DOC. Plates
were incubated at 25°C for 24 hours and the survival

fraction counted.
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Fig. 11 The DOC sensitivity of certain Ref-II UV®

and Ref-II UV° strains at 37°C

Procedure as in Figure 10, except that cells were

incubated at 37° after plating.
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the Ref-II UV mutants to DOC were all dissimilar, but did not
correlate in any simple way with any similar diversity shown in their
response to UV or in their growth rates in complex media. No differ-
ences were evident after incubation at the two temperatures.

The DOC sensitivity of ASH102 was not significantly greater than
the £g£B+ parental strains ASH1 and ASH10. Similarly, the sensitivity
of the refIIA refB" strain, 4K-T%, and the refA® refB* strains 4K and
C600 were all virtually identical (Fig. 11). However the DOC sensi-
tivity of the refIIA £g£B+strains ASH1 and ASH1O was significantly
greater than that of C600, 4K and 4K-T*. This result may imply that
although the refIIB mutation had no. demonstrable effect on detergent
sensitivity, ASH1O and derivatives of ASH1O may have contained some
additional cell surface property which led to an increased sensitivity
to DOC.

A point of interest was also provided by the biphasic nature of
the survival curves, particularlyapparent with the Ref-II UV° mutants.
A high initial rate of kill with low concentrations of DOC of up to
0.1% was not continued with increase of concentration to 1.0%. Indeed,
after this initial phase, the rate of kill was approximately.equal for
Ref-II UVS, Ref-II UV" and RefIIA £g£B+ parental strains,

D. Prophage Induction and Phage Sensitivity in Ref-II Mutants

1. Prophage A Induction

Despite Ref-II UV® mutants differing from Rec” UV® mutants in
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several ways, genetical studies described in Section III do demonstrate
however, that Ref-II UV° mutants may also be recombination deficient.
A characteristic of some RecA mutents, for example the lysogenic
rec3h and rec36 strains of Van de Putte, Zwenk and ROrsch (1966), is
an inability to induce prophage A after UV irradiation. These mutants
also only had an extremely low spontaneous A induction frequency,
10‘-)'t to 10-6 below that of the wild type. A further RecA mutant
isolated by this group, rec35 and the ReéC mutant, 22258, also had
spontaneous levels of A induction 10 to 100-fold lower than parental
strains, although UV induction of A in these mutants was similar to
the control EESf strain. To furthér compare the Ref-II UV® mutants
with these Rec mutants, the prophage A induction patterns of certain
Ref-II UV" and Ref-II UV® mutants wereé therefore determined.
Stationary phase TB cultures of lysogenic Ref-~II mutants and
the§§£+ parental strain ASH1O were centrifuged, resuspended in buffer
and irradiated for varying time intervals as described in Methods,
Section II. These were again centrifuged, and resuspended in TB for
a further €0 minutes incubation in TB at 37°C to allow liberatiom of
free phage particles into the culture supernatant. These were assayed
using the A~ A° strain ASHL as indicator, and the probhage induction
curves obtained, presented in Figure 12, showed little difference
either in the spontaneous level of induction, or in the UV induced
induction between ASH10, ASH102 and ASH112. Although prophage induction
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Fig. 12 The induction of prophage A in Ref-II UV° and

Ref-II UV' mutants by UV-irradiation

UV irradiation in buffer was as described in Methods,

Section II. Indicator strain ASHL (A~ A°).
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in ASH11l3 was slightly reduced, it was not similar to the induction
patterns displayed by the RecA mutants, rec34 and rec 36 (Van de Putte,
Zwenk and Rgrsch, 1966).

Thus élthough tests carried out on the prophage induction patte;n
of Ref-II mutants were limited to two Ref-II UV® and one Ref-II UV®
strain, results indicated no real difference between these strains and
the parental control. This property further distinguished these Ref-II
UV® mutants at least from RecA mutants.

2. Phage Sensitivity

(a) Sensitivityto phages A and Pl

The replication of A and @X174 DNA has been reported to take
place at specific membrane sites (Enippersand Sinsheimer, 1968; Salivar
and Sinsheimer, 1969). In addition, Denhardt, Dressler and Hathaway
(1967) have suggested that UV® Rep mutants are deficient in the
ability to replicate @X174 DNA due to alteration in some membrane
component to which the @X174 genome is attached in the cell as a pre-
requisite to replication. Another notable property of these Rep-
mutants is that they also appear to be Rec . Since the mutation to
colicin E2 refractivity might involve alteration in some cell membrane
component, and that such mutants can also be Rec (Section III), it
was thought possible that some Ref-II mutants might display a reduced

ability to support the growth of, for example, bacteriophage A. The

sensitivity of various Ref-II and Ref-II UV® mutants to a virulent
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mutant of A, Agv, was therefore determined.

Loopfuls of exponential cultures (ca 5 x 108 cells/ml) of 30
Ref-II and Ref-II UV® mutants were therefore spotted onto NB agar plates
and allowed to dry. These were half-overlayered with different dilutions
of the phage Agv as described in Methods, Section II, and incubated.
Three mutants ASH112, 114 and 116 did in fact display a significant
degree of resistance to the phage. These and other Ref-II UV® mutants
were then selected for further quantitative study of their ability to.
support the growth of A gv. At the same time, since the efficiency of
plating of phage Pl on certain Rec mutants had been repoéted to be
reduced by a factor of about 350 (Hertman and Luria, 1967; Emmerson
and Howard-Flanders, 1967), the plating efficiency of this phage on
Ref-II UV® mutants was also investigated. In all, 30 Ref-II mutants
were tested (Table 10), and in the Ref-II UV' mutants the efficiency
of plating of Agv was no different than on wild type strains. The
"resistance" of the Ref-II ﬁVB mutants ASH112, 114 and 116 to Agv ,
found in the initial screening of Ref-II mutants was, however, confirmed.
Plating efficiencies in these strains were in fact reduced by factors
ranging from 2 x 10-3 to 4 x 10-3. In contrast, in the majority of
Ref-II UV® mutants investigated, the plating efficiency of the trans-
ducing phage Pl was only reduced 10 to 50-fold.

As many of the Ref-II UV® mutants had been observed to contain

morphological cell surface defects (see Growth Characteristics, Section
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TABLE 10

Plating Efficiencies of the Bacteriophages Agv and Pl on

Ref-II UV° Mutants

Plating Efficiency

Bacterial Host

Agv Pl
ASHL (ref* wv®) 1 1
ASH10 (ref® uv’) 1 1
ASH102 (Ref-II UVY) 1 1
ASHI11 (Ref-IT UV®) 1 2 x 1072

ASHI12 (Ref-IT UV®) | % x 10> | 1.7 x 107}

ASH113 (Ref-II UV®) 1 1.4 x 107T

ASH114 (Ref-IT UVS) | 3 x 10~ | 4.0 x 1072
ASH115 (Ref-II UV®) 1 1.2 x 10‘_l

ASH116 (Ref-II UV®) | 2 x 10~ | 1.0 x 10™%

Efficiency of plating of Agv and Pl on £g£+, Ref-II and
Ref-II UV® mutants. Plating efficiencies shown are
relative to those obtained with the parental £g£+ strains
ASH1 and ASH10. Procedure as described in Methods,

Section II.
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II), and in the case of ASH116 to exhibit a mucoid colonial morphology
particularly after growth on minimal agar, it was thought that the
adsorption of Agv to cell wall receptors may have been impaired in some
way in these mitants. The ability of the various Ref-II1 UV® mutants

to adsorb Agv was therefore compared with that of a conventional Ref-II
mutant, and that of the parental zgff strains. Results (Table 10a)
showed that with the exception of ASH116, adsorption capacities of the
Ref-II UV® mutants and the control strains were in fact virtually
identical.

Although the adsorption of Agv to ASH116 is reduced by approxi-
mately 90%, this should still not be sufficient to account for the
reduced plating efficiency of Agv on this strain. '"Resistance'' may
well therefore arise from a mechanism identical to that of the two
other '"resistant'" mutants, ASH112 and ASH1l4, and not be correlated
with the formation of a mucoid capsule by this mutant.

It is unlikely that this '"resistance" to Agv displayed by ASHI12,
114 and 116 is associated with a prophage immunity mechanism, since
although ASH112 and ASH116 are lysogenic for A, ASH11l4 is non-lsyogenic.
However bacteriophage A "resistance'" in E.coli could also arise through
an alteration in the réstriction-modification system of the host cell.
Genes responsible for the control of such host specificity mechanisms
are closely linked to the refIIB locus, as will become evident in the
genetical analysis described in Section III. It was therefore decided
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TABLE 10Ca

Adsorption of Bacteriophage Agv to Ref-II UV and Ref-II UV® Mutants

Bacterial Strain

Phage Titre
after adsorption

ASH1 (ref")

ASH102 (Ref-II UV")
ASH111 (Ref-II UV®)
ASH112 (Ref-II UV®)
ASH113 (Ref-II UV®)
ASH114 (Ref-II UV®)
ASH116 (Ref-II UV®)

S.typhimurium 906

6
6
6

6.0 x 10
k,2 x 10
7.4 x 10
1.8 x 107
5.4 x 10°
6.1 x 10°
6.1 x 107

3.0 x 108

Adsorption of phage Agv to Ref-II, Ref-II UV® and ref' strains, and

Selmonella typhimurium 906 (AT).

Equal multiplicites of phage and

bacterial cultures mixed, and free phage Agv assayed after adsorption

on the A~ A® indicator strain, ASH1l, as déscribed in Methods, Section

II.
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to test the possibility that the bacteriophage A "'resistance'" displayed
by ASH112, 114 and 116 was due to a mutation affecting the restriction
system.,

For this purpose, a single plague of bacteriophage Agv obtained
after growth through the A '"resistant" mutant, ASH1l4, was mixed with
a fresh culture of ASH114, and a lysate of AEI.ASH114 so prepared.
The efficiency of plating of XEZ.ASHllh on wild type and Ref-II mutant
strains was then determined, and compared with that of a preparation
of Agv grown through the A sensitive £E£f strain, ASHl. Results, shown
in Table 11 indicate that”the.virus &E!;ASHIIH, obtained at low frequen-
cy after the growth of Agv wild type on ASH114, would, when used to
re-infect ASH11ll4.again, now grow normally on this strain. In comntrast,
a single 'p'1a‘qu‘e of Agv grown through the wild type host, ASH1, still
exhibited a reduced efficiency of plating on the Ref-II ov® mutant,
ASH114, The new property of Agv.ASH114k was, however, not a transient
modification which could be lost on re-cycling phage AE!.ASH114 through
the ref’ wild type host, ASH1. Thus Agv.ASH11l4 appears to have acquired
a mutational change which allows it to overcome the '"resistance" of the
host ASH114 to A, but which does not affect itsability to grow on

wild type, reft hosts.
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TABLE 11

Plating Efficiencies of Bacteriophage Agv after Growth through

ref’ and Ref-II Strains

Phage Bacterial Host Plating Efficiency
Agv. ASHL ASHL (ref) 1
- ASH114 (Ref-II UVS) 3 x 1070
Agv.ASH114 | ASHL (reth) 1
ASH114 (Ref-II UV®) 1

Phage Agv added to stationary phase cultures of bacterial strains
at a multiplicity of 10. Plating efficiencies relative to that

obtained with phage Agv.ASH1 on the host strain, ASH1.
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Discussion and Conclusions

Colicin E2 refractory mutants isolated by Hill and Holland (1967)
and in this studymay be divided into two major phenotypic classes on
the basis of their response to UV irradiation. The majority of Ref-II
mutants displayed normal sensitivity when exposed to UV, but 7 out of
22 did show significantly increased sensitivity.

Of this latter class, all tested were found to be abnormally
sensitive to the detergent sodium deoxycholate, and showed reduced
growth rates in complex media. On further investigation a small
number proved to have additional pleietropic characters. Thus out
of the 7 Ref-II 1) mutants tested, 5 were deficient in the formation
of prototrophic recombinants after crosses with male strains, as will
be shown in Section III. One mutant particularly grew in characterist-
viéail& ioné fiiaﬁeﬁts éf.uf £o>30 1 in length, and three had greatly
reduced capacities to support the growth of the bacteriophage A. Two
out of three of the latter strains were also distinguished by refract-
ivity to colicin E2 at 37°C when grown and tested in NB culture
(Holland, personal communication). The third bacteri&phage A "resist-
ant" strain also produced a mucoid capsule when grown on minimal media.
Furthermore this mutant, although Rec’ in crosses with HfrH male strains
appeared to have a reduced capacity to dther accept or replicate
episomal DNA. Finally, most Ref-II ov® mutants, when subjected to

microscopic examination, displayed indications of cell wall defects,
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and free spheroplasts, lysed cells, cells with extrusions of sphero-
plasts, and even branched cells were evident.

The pleiotropic characters displayed by different Ref-II UV®
mutants are summarised in Table 12.

Ref-II UV® mutants differ from all UV® mutants previously iso-
lated in several ways. Thus although Holland (1967) has reported that
these mutants resembled Rec  rather than Uvr mutants in the reactiva-
tion of irradiated phage (Howard-Flanders and Boyce, 1966), in this
study Ref-II UV® mutants were found to be quantitatively less sensitive
to UV than Rec- mutants,(see Howard-Flanders and Theriot, 1966b, Van
de Putte, Zwenk and R8rsch, 1966). Nevertheless, the majority of the
Ref-II UV® mutants so far tested did show recombination deficiency, as
will become evident in Section III. The UV sensitivity of Ref-II UV
mitants was in fact similar to that reported by Donch and Greenberg
(1968) for Lon~ mutants, and by Denhardt, Dressler and Hathaway (1967)
for Rep- mutants. The Ref-II UV® mutants further resembled Lon™
mutants, but not Rec mutants, by exhibiting only a slight sensitivity
to X~irradiation, and one, possibly two Ref-II UV® mutants out of three
tested were also capable of a significant degree of UV irradiation
recovery when plated on agar supplemented with pantoyl lactone. In
Lon~ strains, pantoyl lactone appears to promote the ability of UV
irradiated cells to divide by the induction of septum formation (Donch,

Green and Greenberg, 1968) and it appears plausible that the UV sensi-
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TABLE

Pleiotropic Characters Associated

Response to E2 [Response fo E2

Response to UV|Response to DOC (plates) (liquid)?c)

25° | 37° 25° [ 3° | 28° |3° | 25° |37°

ASH1 R R R R s s S S
ASH10 R R R R S ] S S
ASH102 R R R R R S R ]
ASH111 S S S S R S R S
ASH112 S S S S R S R R
ASH113 S S S S R S R S
ASH11k4 S S S S R R R R
ASH115 S S S S R S R ]
ASH116 S S S S R S R S
rec34 S S R R S S S S
JCL4h45? S S R R S S S S

(¢) the response to colicin E2 when in liquid culture at 25° and

37° was provided by I.B. Holland (personal communication)
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(a) and (b) shown in detail in Sections IIT and IV respectively.

are

122




tivity of at least some of these Ref-II UV® mutants also results
primarily from some defect of the cell division mechanism. However,
in this context it is important to note that the Ref-II UV® strains
ASH115 and ASH116 have not yet been tested for the effect of post-
irradiation growth with pantoyl lactone. As will be described in
Section III, these mutants,unlike the majority of Ref-II 11)'d mutantsJ
are not Rec , at least in crosses with an HfrH male strain, and a
different defect may be responsible for UV sensitivity in these mutants.
Further experiments to test the effect of pantoyl lactone on the UV
sensitivity of these, and other Ref-II wv® mutants, are required. It
is also important to note that pantoyl lactone had little effect on
enhancing the recovery of ASH11l, the filament forming Ref-II1 ov®
mutant. Presumably the extreme cell division defect in this strain
vcénﬁof Be.rémédiédvbj faﬁtéyi iaéténé.

Ref-II UV® mutants, however, may be distinguished from Lon~
mutants by, with one exception, a failure to form mucoid polysaccharide
colonies when grown on minimal agar, and to form extensive filaments
after UV irradiation, characteristics of Lon mutants. They are also
genetically distinct, since the lon locus lies to the right of leu
(Donch, Green and Greenberg, 1968), whereas the refIIB V® locus is
co-transducible with serB (Section III). The significance of the
single mucoid Ref-II UV® mutant, ASH116, and the location of the

mucoid capsule mutation, have not yet been investigated.
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Ref-II UV® mutants also differ from all classes of UV® mutants
previously studied by their increased sensitivity to the detergent,
sodium deoxycholate (DOC), and by various cell surface defects
observable upon microscopic examination. A curious feature of the
DOC sensitivity of these mutants is the characteristic biphasic survival
curves (Fig. 10 and 11). However DOC is initially believed to dissolve
the outer lipoprotein and polysaccharide layeré of the cell wall (Gilby
and Few, 1960) and then possibly to induce separation of lipids from
membrane protein (Salton and Schmitt, 1967). The extreme sensitivity
at low concentrations shown by Ref-II UV® mutants may reflect an
altered membrane component increasing the rate of the second process.
It is interesting to note that the £g£B+ refITA parental strains ASH1
and ASH10 were more sensitive to DOC than the £g£B+ £3£A+ wild type
strains C600‘ahd‘4K, and, mofeévér; the ggfIIA tfaﬁsduétibnél dériva—
tive Gf UK4K-TT. It may well be that although the refIIA gene did not
measurably alter detergent sensitivity, ASH10 and derivatives already
contain an additional cell surface property, manifest by increased DOC
sensitivity.

It is also not yet known whether the expression of the various
pleiotropic characters associated with E2-refractivity in the Ref-II
UV® mutants are potentiated by the refIIA gene. Unlike E2 refractivity,
these pleiotropic characters were evident at both 25° and 40°C, and

their expression may not involve the participation of the refIIA allele.
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Thus it would be interesting to determine whether, in fact, DOC and
UV sensitivity are lost along with colicin E2-refractivity after the
transduction of the £g£A+ allele into a Ref-II UV® mutant (refIIB
EgglIA). Such experiments, as will be later discussed, may help
clarify the role of the reflIA gene in colicin E2 refractivity.

Finally in this Section, the reduced ability of bacteriophage
Agv to replicate om certain Ref-II UV® mutants ASH112, 11k and 116
was investigated. It was found that adsorption of Agv to these mutants
was not impaired despite the readily demonstrable cell surface
peculiarities of these strains. The possibility that bacteriophage A
"resistance'" was due to a mutation affecting restriction was also tested
and the fact that KE_.ASHIIH was capable of normal growth on both ASH1l4
and the wild type parental strain ASH1 was compatible with the hypothesis

that ASH114 does restrict wild type Agv in some way.
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SECTION III
GENETICAL STUDIES ON COLICIN E2 REFRACTORY MUTANTS

Introduction

Several classes of multirefractory mutants have previously
been mapped at two or more loci all closely linked to the gal operon
(Hill and Holland, 1967; Nomura and Witten, 1967; de Zwaig and Luria,
1967). Further classes of mutants refractory to single colicins
include a class refractive to El alone (Ref-I), mapped at én apparent-
ly single locus closely linked to thy (Hill and Holland, 1967; Nomura
and Witten, 1967), and the hitherto unmapped class, refractory to
colicin E2, initially isolated by Hill and Holland (1967).

Mapping of the refII locus was initiated to determine the
realtionship, if any, between this and previously mapped colicin-
refractory loci. Secondly, since at least two phenotypic classes
of Ref-II mutants have been isolated in this study, Ref-II V" and
Ref-II UVS, it was hoped to carry out fine-structure mapping to see
if these classes belonged to separate cistrons. Finally, the genetic
origin of pleiotropic effects associated with Ref-II UV® mutants was

also investigated.
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A. Mapping of the refll locus in K12 Strains

Materials and Methods

Bacterial Strains: ref  strains are shown in Table 1. Ref-II

mutants were isolated from ASH10 (F~ leu thy met lac  str’) by

2=-amino purine treatment. The genotype of all £g£+ strains referred

to in this Section, unless otherwise stated, was refB' refITA - i.e.
capable of potentiating the expression of E2 refractivity.

Phage: The transducing phage Pl was prepared from a sample supplied by
R.W. Hedges.

l. Mating Conditions

(a) Linkage Analysis Exponential cultures of an Hfr strain (108 cells

/ml) and F Ref-II mutants (2 x lO8 cells/ml) were mixed in equal
proportions and incubated with gentle shaking; after 90 min at 37°C
the‘mixfufe.wés diiuted fhfough buffér.aﬁd‘piaﬁed on aﬁproﬁriaté H9
agar selective plates, plus streptomycin. For the selection of TlR
recombinants, samples were plated directly onto NB plates previously

7

spread with 10 phage particles. Plates were incubated for 36 hours
at 3700, and the proportion of unselected markers, including E2-
sensitivity, amongst the recombinants obtained, was determined by
replica plating. In the case of E2-sensitivity as an unselected
marker, the procedure was as follows: NB agar plates were overlayered

with top agar plus 5 x 103 units/ml of colicin E2 or colicin E3;

master plates were then replicated to lawns of both colicin E2 and
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E3 which were incubated at 25°C and 40°C. Those colohies sensitive
to both colicins after incubation at 25°C and Lo°c were scored as
non-refractory, E2 sensitive.

(b) Interrupted Mating Hfr and F strains were first grown in NB

to 5 x 107 cells/ml and 5 x 108 cells/ ml, respectively; equal volumes
were mixed and incubated at 37°C with gentle shaking for 5 min. The
culture was then diluted 10-fold in NB to reduce further pairing; 0.5
ml samples were removed at intervals, diluted 10-fold in ice cold phos-
phate buffer, and blended for 1 minute in a flask shaker (B.T.L.
Laboratory Centre, Birmingham, England) before plating for recombinants.
For the direct selection of E2-refractive recombinants when E2-refract-
ive males were used, samples from the mating mixture were blended in
ice-cold NB plus streptomycin, These samples were then incubated at
>37°C fof éo.minﬁtes in Nﬁ blﬁs‘Bb ﬁg/ml étreptomycin, without shaking,
to allow expression of E2 refractivity before plating on NB agar plates
plus 5 x 103 units of colicin E2. Plates were incubated at 25°C, and
the E2-refractive colonies were then replica plated to plates contain-
ing colicin E2 and colicin E3 at 25 and 40°C to confirm the Ref-II
phenotype.

For the direct selection of UV-resistant recombinants, blended
samples were also allowed 90 min of expression time before plating,
in this case at 37°C, on TB agar plates plus streptomycin. The plates
were then irradiated as described in Methods, Section II. The presence
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of streptomycin (80 pg/ml) in samples during incubation for expression
of the UV" and E2 refractivity markers prevented further growth and
initiation of transfer by the str° male strain.

2. Transductional Analysis

The preparation of lysates of the transducing phage Pl and the
transduction procedure was as described in General Methods. Screening
for non-auxotrophic markers was performed as follows:

(a) Colicin E2 refractivity: For the selection of Ref-II tramnsductants

the method described in Section I was used. To determine the proportion
of unselected markers, E2-refractive colonies were picked off the master
plate, and inoculated in a ''pattern" formation on g fresh NB agar

plate (25 Ref-II colonies per plate). After growth at 37°C for 8 hours
"pattern! plates were replicgtgdf

(b) UV sensitivity: For the determination of the proportion of the

unselected UV® marker amongst transductants, the plate screening method
as described in Methods, Section II was used.

(¢) DOC sensitivity: For the determination of the proportiom of the

unselected DOC® marker amongst transductants, the plate screening method
as described in Methods, Section II was used. In this case, growth of
cultures after incubation on NB agar containing 1% DOC was scored as

Ry no growth as S.

(d) Classification for "hsp'": Suspensions of cultures of strains to

be tested were spotted in duplicate on NB agar, allowed to dry, and
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then half overlayered with a loopful of a susp@#msion of the virulent
bacteriophage Agv containing ca 104 pfu/ml, previously grown on an
HEE- host. The dilution of Agv employedwas such that after 14 hours
incubation at 37°C, Eng hosts showed a clear zone of inhibited growth
whereas ggpf strains showed confluent growth. Plates were incubated
for 14 hours at 37°C, observed and scored for Eggf or hsp .

(e) Bacteriophage A resistance Suspensions of cultures to be tested

were spotted as above, allowed to dry, and half overlayered with a
loopful of Agv (lO6 pfu/ml) grown through a wild-type host, and
incubated for 14 hours at 37°C. The dilution of Agv employed was
such that, after 14 hours incubation at 37°C, X"B” strains gave a
clear zone of inhibited growth whereas known Aﬁr" strains displayed
conflueptAg:owth. _Plates ye:e.obsgrved afte:'lh_hqu:s, and strains
scored as A"r" or l"s".

(f) Filamént formation Suspensions of cultures were observed under

phase as described in Section II, at a x4OO magnification, and scored
for the presence or absence of characteristic filaments of bacterial
cells,

3. Isolation of UVr revertants:

The method employed was based upon that described by Ganesan
and Smith (1968). TB cultures of UV® strains were grown to stationary
phase, O.1 ml aliquots were spread onto plates of TB agar and irradia-

ted with a 20 sec UV dose as described in Section II. After incubation
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in the dark for 14 hours at 37°C, each plate, containing approximately
100 colonies, was replica plated to two further plates of TB agar;
these were irradiated for 80 seconds and incubated for 24 hours at
3700. Colonies which appeared UV resistant from their response on
the irradiated replicas were picked from the original plate; purified
by at least two single colony isolations, and tested for plate UV
resistance by the technique described in Methods, Section II. Only
revertants obtained from different clones of the original UV® strains
were considered to be of independent origin.

The screening of UV" revertants isolated for E2 refractivity,
DOC sensitivity, growth and recombination proficiency was undertaken
by techniques described in Methods, Section II.

A. Genetic Analysis of the ref-II Xocus

Results

l. Linkage Analysis of Ref-II Mutants

Twenty one independently isolated Ref-II mutants of strain ASH10
were crossed with the male strain HfrH-202 (Table 1). Selection was
made for lggf Tl and lggf recombinants, and, in each case, the
recombinants were replica plated to colicin E2 and E3 lawns at 25°C
and 40°C to determine the proportion that were still resistant to
E2 at 25°C. The distribution of the E2 sensitivity marker among

selected markers for the 21 Ref-II mutants tested is shown in Table 13.
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(a) An HfrH strain (E2° T1F A~ 5355) was crossed with
several Ref-II derivatives of the F strain ASH1O

(met~ leu 1lac thy At strh). Exponential cultures

of the male (100 cells/ml) and the F~ (2 x 10% cells
/ml) were mixed; after 90 min selection was made for
;gg+ §§£?, uld gng and lggf g&gr recombinant classes;
subsequently, the proportion of the unselected E2
sensitivity marker was determined by replica plating
to lawns of 5 x 100 units/ml of colicins E2 and E3.

(b) The low proportion of selected recombinants of ASH112
was primarily due to a hitherto unknown tryptophane
requirement in this strain. Subsequently crosses (c)
were made with this mutant in the presence of tryptophane

in the selective medium.



Linkage Analysis of Ref-II Mutants of ASH1O

TABLE 13

(a)

Ref-II Mutant Recombinants -
(Total of Selected Input No. %
21 tested) marker male % tested

ASH50 leu’ str’ | 2.7 199 72
T str’ 1.6 9% 56
lac’ str’ | 0.8 228 34
ASE51 leu’ str’ | 2.0 200 74
m" str’ 1.2 124 49
lac’ str’ | 0.9 98 | 33
ASH52 leu’ str” 2.6 128 80
% str’ 1.5 17 50
lac str’ 0.9 61 29
ASHS3 lew’ str’| 2.1 76 72
m° str’ 1.2 21 51
lac’ str® 0.6 48 28
ASHS8 leu' str® 2.6 211 75
m* str’ 1.8 82 61
lact str” 1.0 194 36

contd.

133



Ref-II Mutant

Recombinants

E2
(Total of Selected Input No. %

21 tested) marker male % tested
ASHS9 leu’ str’ | 2.3 8l 70
11" str’ 1.5 79 48
lact str” | 0.9 134 31
ASH60 leu’ str’ | 2.5 260 71
m* str’ | 1.1 229 54
lac’ str’ | 0.7 132 | 38
ASH61 leu’ str’ 2.4 130 79
m* str’ 2.0 90 5k
lac” str” | 0.7 | 121 | 30
ASH6M4 leu’ str® 2.1 152 68
mF str’ 1.1 16 50
lac’ str’ | 0.5 55 | 38
ASH65 leu' str’ | 2.8 170 77
1% str’ 1.k 3 52
lact str’ | 1.1 49 31
ASH66 leu’ str’ 2.1 90 80
" str’ 1.0 94 48
lac’ str’ | 1.1 3| SH

*

contd.
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Ref-IT Mutant

Recombinants

E2

(Total of Selected Input No. %
21 tested) marker male % tested

ASHE? leu' str’ | 2.8 w8 |'m

1" str’ 0.9 20 60

lac’ str® | 0.9 114 b1

ASH68 leu’ str® | 2.0 218 71

m* str’ 1.2 33 49

lac’ str” | 0.7 19 | 38

ASH69 leu' str’ | 3.4 53 60

" str’ 0.k 21 b2

lac’ str” | 0.9 W |39

ASH70 leu' str’ | 3.1 23k 65

™T stet - R

lact str® | 1.1 46 34

ASH73 leu str’ | 2.3 180 76

¥ str’ 1.5 132 5k

lac str® | 0.9 147 25

ASH102 leu’ str’ | 2.3 L6 77

" str’ 1.7 81 L6

lact str’ | 0.3 93 39

contd.
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Ref-II Mutant

Recombinants

E2
(Total of Selected Input l No. %
21 tested) marker male % tested
asa112(® leut str® | 0.06 134 74
" str’ 0.009 91 56
lac’ str* | 0,001 | 118 28
asp112(®) leu’ str’ [ 0.4 72 73
" str’ 0.12 2k 59
lac’ str’ | 0.09 9% | 3
ASH113 leu® str” 0.005 46 68
" str - - -
lac” str’ |  0.002 21 20
ASH115 leu' str’ 2.7 112 78
" str’ 1.6 25 51
lac’ str' | 0.8 165 34
ASH116 leu’ str”| 3.0 90 70
" str’ 1.3 17 53
lac’ str’| 0.8 28 40
MEAN leu’ str’ 3073 72.5
m* str’ 1323 52.5
+
lac” str’ 2020 33.6
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The results indicated that the refIIB locus was linked to leu. This
was confirmed in crosses where selection was made for recombinants
for the distal marker, lac, when the proportion of the unselected
markers, lggf T and E2 sensitivity among lac recombioants was
determined by replica plating. The results (Table 14) clearly
indicated the presence of a single reflIl B locus closely linked with
and to the left of the leu locus (Fig. 1).

2. Mapping of the Tryptophane Requirement of ASH11l2 by Interrupted

Mating
Initial crosses between the Ref-II mutant, ASH112 and the male

strain HfrH gave rise to only very low number of recombinants (Table
13). On testing the growth requirements of this mutant, it was found
to have acqulred an additional requlrement for tryptophane. Now two

z loc1 have prev1ously been mapped on the bacterlal chromosome, one

‘ﬁ

"

(Fig. 2) is not linked to the refIIB locus; a second, EEZP’ lies to
the left of serB (Taylor and Trotter, 1967) and may conceivably be
linked to, and associated with, the refIIB locus. Although it was
not anticipated that the mutation producing a tryptophane requirement
in ASH112 had arisen other than independently from the Ref-II mutation
after mutagen treatment, confirmation was sought by interrupted mating
experiments. The male strains HfrH 202 and HfrBll were therefore both
crossed with the F~ Ref-II mutant ASH112, and the time of entry of ‘the
tryptophane requirement determined in each case. As can be seen from
Figure 13a and b, the try locus entered after approximately 25 minutes
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Linkage Analysis of Ref-II Mutants of ASH10

TABLE 14

(a)

Ref-II Mutant

Marker selected, lac+ strr

(Total of Proportion of unselected markers

2l tested) No. T otct T oot -~
tested Z o 2

ASHS1 161 82 73 57
ASH52 333 86 79 s4
ASH53 224 83 72 56
ASH58 202 87 ol 43
ASH59 184 89 7 52
ASH60 192 78 67 55
ASH62 164 85 ol 19
ASﬁ63‘ | iSi | 87 7% 56
ASH65 103 81 79 53
ASH66 127 82 80 58
ASH69 111 83 ol 59
ASH71 194 79 ol 57
ASH?72 262 84 80 53
ASH73 154 84 ol 58
ASH7A 197 81 72 53
ASH?75 102 79 77 58
ASH76 9l 76 69 51

contd.
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Marker selected, lggfgﬁgr
Ref-II Mutant
(Total of Proportion of unselected markers
24 tested) No. r r s
tested Tl str leu str E2
% % %
ASH?77 190 87 79 Sk
ASH78 84 82 76 51
ASH79 113 84 80 55
ASH102 103 85 75 59
ASH112 202 90 81 26
ASH115 83 79 64 53
ASH113 84 - 76 Ly
MEAN 3847 83 7543 Sl
(a)

" An Hfr H Stfain‘(EES Tlr Xf‘sfrs) wés'cfoéséd>with éevérﬁl

Ref-II derivatives of the F strain ASH1O (met” leu lac  thy

At 535?). Exponential cultures of the male (108 cells/ml) and
the F~ (2 x 108 cells/ml) were mixed; after 90 min selection
was made for 152'§££? recombinant class; subsequently the
proportion of unselected markers, including E2 sensitivity, was

determined by replica plating.
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Fig. 13 Time of entry of the try locus in the colicin

E2-refractory mutant, ASH112

(a) HfrH 202 crossed with ASH112

(b) HfrBll crossed with ASH112
The mating was carried out as described in Methods,
Section III, and samples removed at intervals, blended

and plated for leu’ 1ac+ t;y+ and thzf prototrophic

recombinants.
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in the cross with the HfrH male, and after 8 minutes in the cross

with the HfrBll male. These results indicated a map position 15
minutes clockwise from the lac locus, and which corresponds to the
position of the try locus originally mapped by Ito and Crawford (1965).
This mutation therefore presumably arose from 2-amino purine treatment
of ASH10 quite independently of E2-refractivity.

3., Mapping of the Ref-II Locus by Interrupted Mating

Confirmation of the position of the refIIB locus was sought from
a series of interrupted mating experiments. Mutants refractory to
colicin E2 (Ref-II) were isolated in an HfrH strain, ASH3 and in an
HfrR4 strain ASH4. These Ref-II mutants, which were designated ASHS54
and ASHS5S respectively, were crossed with the F, colicin E-sensitive
strain E94 (Table 1) and the time of entry of E2-refractivity was
determined as described. The results are shown on Figuie.lﬂ,.whiéh;
as can be seen, indicated a position of the refIIB locus 3-4 minutes
to the left of the leu locus.

To more accurately locate the refIIB locus, the interrupted
mating was repeated in crosses with the F colicin E-sensitive strain
ASH5 (Table 1), which was thought to be more applicable than E94
because of an additional requirement for threonine. The time of entry
of the refIIB locus was again determined, and the results indicated a
map position 1 to 2 minutes counter-clockwise to the thr locus (see

Fig.15). The position of the refII locus on the chromosome is shown
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Fig. 14 Time of entry of the colicin E2-refractory

locus
(a) AsSHS4 (HfrH) crossed with the E2-

- - = - s
sensitive F_ strain E94(leu pro lac str’E2°)

(b) ASHS55 (HfrR4) crossed with the E2-
sensitive F strain E94
The mating was carried out as described in Methods,
Section III, and samples removed at intervals, blended,

and plated for 1eu+, prot lact and E2-resistant recomb-

inants.



o o
5
2
O] X S1UDUIqWOod2y
Al
9
g
Z_Q|x S|UDUIqWO22Yy I JoY
1 l | [
0] O O O O
& O n O Ty
N ~N -
€

Ol X SDUIqWO22y ‘2D’ 01d 'n3j

5 20 25 30
MIN.

IO

5 20 O 5

5 10
MIN.

O



143



Fig. 15 Time of entry of the colicin E2-refractory

locus
(a) AsSHS4 (HfrH) crossed with E2-sensitive
strain ASH5
(b) ASHS5 (BfrR4) crossed with E2-sensitive
strain ASHS
The mating was carried out as described in‘Methods,
Section III, and samples removed at intervals, blended,

and plated for thr+, leu+, lac+ and E2-resistant recomb-

inantse.
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in Figure 1. The different scales used in Fig. 14 and 15 should be
noted; in several experiments using ASHS54 as chatgétﬁi) reduced
numbers of Ref-II recombinants relative to other classes were obtained.
Similar results have been reported by Low (1965) for markers very near
the origin of the transferred chromosome.

4, Transductional Analysis of Ref-II Mutants

Previous genetic studies (Taylor and Trotter, 1967) have described

a serB locus to the left of thr in E.coli K12, This is apparently

homologus to the structural gene for phosphoserine phosphatase in
Salmonella. In a transductional cross between the Pl donor strain

ASH3 (refIIA, serB' thr' leu’ and the recipient strain 4K (refA’

serB” thr leu ), the linkage between serB and thr was found to be

45 5%, and that between serB and leu, 0. 5% (Table 15)

| The relationshlp between the refIIB and serB loci was then
determined for both the Ref-II UV" strain ASH102 and the Ref-II UV®
strain ASH112. Thus the Pl donor strains ASH102 and ASH112, both of
which carry the §g£B+ marker, were crossed with the EEEB- recipient
strain 4k-T% (see footnote). Ref-II transductants were analysed, and
in each case 21% of the Ref-II transductants inherited the donor §g£B+
(Footnote. The §g£3- recipient strain YK-T" was originally derived
from a transductional cross between Pl grown on ASH3 (Eggf re +).
A £§£+ transductant was selected (4K-T') which was capable of express-

ing E2-refractivity on receipt of the refIIB allele.)
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“

marker, and conversely 21-22% of the §g£B+ transductants inherited
the donor Ref-II allele (Table 16).

Since similar results were obtained with either the UV sensitive
or resistant Ref-II donor, this indicated that if mutants of the Ref-II
UV" and Ref-II UV® classes do in fact reflect different cistrons both
affecting E2-refractivity, these must be extremely closely linked.

To clarify the order of the serB and refIIB loci, 250 serB"

transductants of strain 4K-T' were now selected, and the linkage of
serB to the refIIB locus and to the outside marker hsp (host-controlled
modification) (Taylor and Trotter, 1967) was determined (Table 17). In
addition, 100 Ref-II transductants of YK-T* were selected in the same
cross and the proportion of these now showing host-controlled modifi-
cation was determined. The results, shown in Table 17, indicated a
close linkage between the refIIB and hsp loci, and confirmed the 21%
linkage between the serB and refIIB loci originally shown in Table 16.
This result also clearly demonstrated that the refIIB locus lies to
the left of serB. Furthermore, since 18.4% of §3£B+ transductants
selected exhibited host-controlled modification, whereas 20.8% were
refractive to colicin E2, this suggested that the hsp locus was distal
to the refIIB locus.

In an attempt to determine relative order of the closely linked

refIIB,hsp and serB loci a three factor transductional cross was carried

out. SerB+ and Ref-IIB transductants were selected from a transduction-
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al cross between the Pl donor strain ASH102 (hsp_+ refIIB serB’)

and the recipient, 4K-T' (hsp~ refB’ serB”), and the proportions of

all possible classes of unselected markers determined. Results are
shown in Table 18.

Results obtained, however, were contradictory. In the selection
of §g£B+ transductants relative proportions of unselected markers

indicated an order hsp-refIIB-serB, whereas the proportions of unselect-

ed markers arising from selection of E2-refractive transductants

indicated the order reflIIB-hsp-serB. These discrepancies arise from

low numbers of the minority classes scored - in one case 3:1, in the
other 8:1. Since there are technical difficulties in scoring the hsp
marker, particularly evident in the judgement of inhibited growth of
gggf clones, such errors can occur. Nevertheless the results do
indicate a close linkage (94%) between the hsp and refIIB loci. These
loci nevertheless appear quite distinct., Both Ref-II UV" and Ref-II
UV® mutants still showed host specific restriction whilst the Eggf
mutant 4K, used in these studies, was still sensitive to colicin E2,

a property similarly displayed by various other EEEf mutants tested by
Holland (1967).

B. The Effect of the Ref-II Mutation upon Genetic Recombination

l. The rec Character of Ref-II UVs Mutants

Recombination frequencies obtained with the majority of Ref-II1
mutants of ASH1O at 37°C were similar to those obtained with'ASHlO
(Table 19). Moreover, in crosses carried out at 25°C where E2-
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refractivity is maximal, recombination frequencies were normal in the
majority of strains. However at least two mutants, ASH112 and ASH113
were seen to be defective in some aspect of genetic recombination, and
the recombination deficiency in these strains is shown in Table 19.
Previous physiological studies described (Section II) indicated
that these particular strains were also UV sensitive, although similar
Ref-I1 e mutants, ASH115 and ASH116, gave no marked reduction in
recombinant formation (Table 13). The recombination deficiencies obtain-
ed with ASH112 and ASH113 when crossed with HfrH, transferring the £g£+
allele early,were 7 and 4.5 x 1072 respectively (Table 19). In order
to investigate the effect of late transference of the £g£+ allele on
the proficiency of recombination on these and other Ref-II UV?Cm;::iiding
two male Ref-II mutants ASH112 and ASH11k4, it was first necessary to
transduce the reflIl locus from these strains into the more genetically
appropriate F~ strain ASHS. This was readily achieved by Pl transduction.
The recombination proficiency of Ref-II derivatives of ASH5 derived
from ASH111, 112, 113 and 114 was then determined in crosses with the
male strain HfrP10 which transfers the £g£+ allele as a distal marker
(see footnote). As can be seen from Table 20, these Ref-II Uv® trans-
ductants were still UV sensitive and showed recombination deficiencies

of at least 100-fold. In fact, the deficiency obtained with the trans-

Footnote. HfrP10 (arg+) used in these and subsequent crosses was a
transductional derivative of HfrP10 (arg ).
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ductional derivatives of ASH112 was little different to that found
with the derivatives of ASH113. This result contrasts to those results
obtained with the uriginal Ref-II UV® mutants in crosses with the male
strains HfrH where there was a wide variation between the recombination
deficiency of the two strains.

The UV sensitivity of Ref-II UV® mutants therefore appeared to be
correlated,in the majority of mutants investigated, with a reduced
ability to form prototrophic recombinants in crosses with male strains.
However it is important to notethat two Ref-II e mutants, ASH11l5 and
ASH116, were not deficient in recombination at least in crosses with
HfrH.

Rec mutants previously isolated have also been reported to be
recombination-deficient in Pl transductional crosses (Hertman and
Luria, 1967). Therefore to compare Ref-II UV® Rec” mutants isolated
in this study with other Rec mutants, the ability of these Ref-II 1)
Rec” mutants to mother transductants was investigated. Thus two Ref-II
UV® Rec” mutants and a Rec-II UV" Rec’ mutant were infected with Pl
grown on the wild type donor strain, ASH3, and the number of recombin-
ants obtained was determined (Table 21). The recombination frequency
of these Ref-II UV® Rec mutants was then compared to thét of the EEEB-
mutant JCH457, and the 522B+ parental strain AB1157 (Table 21).

The results obtained were in complete contrast to conjugation

experiments, since transduction frequencies obtained with the Ref-II
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UV® Rec” mutants were not significantly different from those displayed
by the Ref-II V" Rect control, ASH102. Reduced transduction frequencies
were however found with the RecB mutant tested, which displayed at
least en 8-fold recombination deficiency. Previous results with RecA
mutants (Hertman and Luria, 1967) and RecB mutants (Emmerson and
Howard-Flanders, 1967) however indicated at least a 100 or a 20-fold
reduction respectively, and although the recombination deficiency with
the RecB mutant investigated in this study did not reach these levels,
it was significantly greater than that displayed by the Ref-II o
mutants., The recombination deficiency of the Ref-II1 V® mutants
obtained in Hfr-F matings is therefore for some reason not expressed
in recombination involving Pl-transduced DNA.

Further investigations into the nature of the recombination
deficiency in these mutants is described in Section IV.

2. Effect of the Ref-II Mutation as a Distal Marker in Male Strains

It was not anticipated that Ref-II derivatives of male strains
transferring the refIl locus as an early marker would reduce the
frequencies of recombinants in crogses with F strains, and as seen
with the interrupted mating experiments, (Fig. 14 and 15) this expect-

ation was fulfilled. Thus the frequencies of thr' leu' and lac*

recombinants were not significantly reduced in crosses of the F_ strain

ASHS5 with the Ref-II males, ASHS4 and ASH55.
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Aberrant recombination frequencies were, however, sometimes
obtained with Ref-II derivatives of ASH1l, a male strain transferring
the refIIB locus as a tail marker (Fig.2). ' The results of crosses
of a Ref-II derivative of HfrH (ASHS54) and two Ref-II male strains
ASH101 and ASH122, derived from ASHl1l, are shown in Table 22.

The number of recombinants obtained in each case is presented
as a percentage of that obtained in crosses with the corresponding
E2-sensitive (£g£+) males. Somewhat variable results were obtained
with ASH101, the frequency sometimes approaching that of the wild
type, but ASH192 always gave the same low yield. The possibility
was tested that the reduction in recombination frequency was due to
e.g. restriction of '"Ref-II DNA" in the EEEf recipient. ASH122 was
therefore crossed with a Ref-II derivative of the F strain ASHS.
The results (Table 22) showed that although both male and female
strains carried a Ref-II mutation, the same marked reduction in
recombinant formation occurred.,

C. Genetic Analysis of Pleiotropic Characteristics Associated with

the Mutation to E2-Refractivity

l. Mapping of the UVS Locus of a UV-Sensitive Ref-II Mutant by

Interrupted Mating

In Section II it was reported that approximately 34% of the Ref-II
mutants isolated were abnormally sensitive to UV irradiation. Such a

high frequency of UV sensitive mutations made it unlikely that this
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character had arisen independently of the muation to E2 refractivity.
To determine the relationship of E2 refractivity, UVsensitivity and
the associated deficiency in recombination of some ov® mutants, the
position of the UV-sensitivity locus in one such mutant, ASH112, was
determined. ASH112 was chosen for this study in preference to ASH113,
as the Recombination Deficiency Index of ASH112 (Table 19) was much
lower than the former, at least in crosses with HfrH male strains.
Interrupted mating experiments were carried out with this strain in
crosses with two UV resistant E2-sensitive male strains, HfrH and Hfr
Rk. The time of entry of UV resistance was determined in each case
and the results showed (Fig. 16) that this UV® locus, like the refll
locus, was also located close to the thr marker.

When the UV resistant recombinants were replica plated to NB
plates containing colicin E2, all colonies appeared to be E2-sensitive.
In strain ASH1l2, therefore, the UVsensitivity locus and the refIIB
locus were extremely closely linked, and were inseparable by interrupted
mating techniques.

2. Isolation and Characterisation of UVr Revertants of Ref-I1 UVB

Mutants
As Ref-II mutants had been selected by treatment with the base
analogue 2-amino purine, it was not anticipated that the various
pleiotropic characters associated with a small number of the mutants

(see Table 12) was the result of a deletion covering several closely
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Fig. 16 Time of Entry of the UV Marker in ASH11l2

(a) HfrH crossed with ASH112 (Ref-II UV®)

(b) HErRh crossed with ASHI12 (Ref-II UVS)
The mating was carried out as described in Methods,
Section IIT and samples removed at intervals, blended

and plated for 1eu+,1ac+ and UV" recombinants.
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linked genes. However to eliminate this possibility, the ability of
Ref-II UV° mutants to revert to UV resistance was tested. In fact,
UV" revertants of the Ref-II UV° DOC rec” strains ASH112 and ASH113
were readily isolated by the technique describéd in Methods, Section
III. The growth -‘rates of such i'ad revertants, their response to
colicin E2 and DOC, and their recombination proficiencies in crosses
with an HfrH male were also examined. The results showed that the
recombination proficiency of revertants isolated from both ASH112 and
ASH113 (Table 23) was significantly increased over that of the parental
Ref-II UV® strains, although one revertant of ASH113 was still not as
efficient as the wild-type £2£+ strain ASH1O0.

In addition, as shown in Table 24, all revertants had regained
normal DOC resistance, were sensitive to colicin E2 at 25°C as well as
at 37°C and displayed normal growth rates in complex liquid medium.

From these results it appears unlikely that the various pleio-
tropic characters associated with the Ref-II UV°® mutants have arisen
from a series of closely linked but independent multisite mutations.
However it could not be overlooked that the mutagenic effect of the TV
irradiation involved in the selection of UV® revertants of the Ref-II
UV® mutants was sufficient to produce a mutation in a site unrelated to
the Ref-II UV® locus, but which somehow suppressed UV sensitivity, i.e.
that these were not true revertants. 1In particular, if the refIIA

gene does in fact potentiate the expression of UV sensitivity and DOC
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TABLE 23

Recombination Frequencies Obtained with F Strains Carrying Ref-II

w° Mutations, and with UV" Revertants of these Strains(a)
Recombinants as
Donor Recipient % Input Male
lac strr
ASH3 (HfrH) | ASHLO (ref) 1.5
ASH3 (HfrH) | ASH112 (UV®) 0.18
ASH3 (HfrH) | ASH113 (UV®) 0.025
ASH3 (aerH) | asmiz-rl (ovF)(P) 1.7
ASH3 (Hfrd) | Asmiz-rL (ov©)(e) 1.0
AsH3 (afrH) | asmiz-re (ov©)(S) 0.25

(a) Mating conditions as described in Methods,
Section III. All crosses at 37°C.
(b) UV" revertant of ASH112

(¢) UV revertant of ASH113.
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sensitivity, as well as E2-refractivity, then reversion of this gene
would also produce vt phenotypes. In an attempt to clarify the site of
the reversion mutations, §g£B+ transductants were selected from a trans-
ductional cross between Pl grown on the UV" revertant of ASH112, ASH112-
R1, and the recipient serB™ refB' strain, 4K-T'. These transductants
were replica plated to lawns of colicin E2 subsequently incubated at
25°C (Table 25). No §g£B+ transductants selected were found to be
colicin E2 refractive. This result indicates that the site of reversion
at least in the various revertants tested, was at the original refIIB
UV® locus and not at some independent locus on the chromosome. However
it does not necessarily follow that all UV" revertants arising, but not
tested, had reverted at the refIlIB uv® locus, and the only partial
recovery in recombination proficiency of the UVT revertant ASH113-R2
(Table 23) may be an example of an incomplete suppression of the Ref-II
mutation, or of reversion at the refIIA locus.

3+ Transductional Analysis of Pleiotropic Characters Associated with

Ref-II UV® Mutants

Ref-II and §g£B+ transductants were obtained from the recipient
strains 4K-T' and ASHS after crosses with Pl grown through various
Ref-II UV® dohor strains. These transductants were then tested for the
different pleiotropic characters, to determine whether these characters
were, in fact, subject to genetic separation by this technique. The

results, covefing a variety of experiments, are shown in Table 26.
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- 1nRpn
The pleiotropic characters, i.e. Rec ,DOCS, A R and filament

formation were, in fact, all found to be co—transdﬁciﬁle with the refIIB
locus, and furthérmore showed 100% linkage to this locus. All these
effects appear therefore to derive from extremely closely linked, if
not identical genes. However, in the case of transduction of the £i£+
character from ASH11l into ASH5, 14 Ref-II transductants were initially
selected and examined for filament formation and all were filf, but

a storage of the "streaked-out" transductants on NB agar plates for 14
days at 4°C and subsequent NB subculture, on microscopic examination
revealed that only 3 out of 14 had retained the Ei}f property. It
seems likely, therefore that the genetic environment provided by ASHS
modified the expression of this semi-lethal character.

Discussion and Conclusions

The position of the refIIB locus in mutants refractory to colicin
E2 was determined first by linkage analysis, and then more precisely by
interrupted mating using Ref-II male strains transferring the chromo-
some either in clockwise or anti-clockwise directions. These latter
mapping studies were greatly facilitated by the proximal position of
the refIIB locus on the HfrH chromosome and allowed a fairly precise
position of 1-2 minutes to the left of thr to be assigned to it.

Further mapping studies with the transducing phage Pl have shown
this locus to be co-transducible with, and to lie in a counter-clockwise
position to serB. Furthermore, the refII locus is closely linked (93%)
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to the hsp (host controlled modification) locus but the exact position-
al relationship of the refIIB locus to this marker was not conclusively

established. When applying the formula derived by Wu (1966) of

3

cotransduction frequency = [1—(distance between two markers)
length of transducing fragment

and taking the length of the transducing fragment to be 2/90 of the
E.coli chromosome (Willetts, Clark and Low, 1969), the refIIB and serB
loci are 0.8 minutes apart, and the refIIB and hsp loci are 0.04 minutes
apart. Taking the average molecular weight of a protein to bek0,000
gnd assuming that 107 base pairs are present per DNA molecule, it can
be calculated that the refIIB and hsp loci are 3-4 genes apart.

Colicin E2 refractory mutants have been found to fall into two
distinct classes (Section II). The majority of mutants were refractory
to colicin E2 with no associated pleiotropic characteristics, and a
minority of mutants displayed a concurrent sensitivity to UV irradiation
and low concentrations of the detergent sodium deoxycholate. The latter
class contains mutants with a spectrum of additional properties. These
include a number of mutants deficient in conjugal recombination (see
Section IV). Others are unable to support the growth of bacteriophage
A. Onelbsa pronounced tendency to grow in characteristic filaments,
and one produces a mucoid capsule. This strain also appears unable
either to receive or maintain episomal DNA (Section IV). Transductional

analysis of the refIIB locus of one such Ref-II UV® mutant, ASH112,
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indicated a linkage to serB (20%) identical to that of the E2-refract-
ivity marker of a conventional Ref-II UV" mutant, ASH102. It is
apparent, therefore, that if mutants of the Ref-II and Ref-II w° class
do reflect different cistrons affecting E2-refractivity they must be
extremely closely linked.

To determine whether the classes of E2-refractory mutants are a
reflection of different cistrons, and if so, the number of cistromns
involved, complementation analysis should be undertaken. For this
purpose, it will be necessary to construct a heterogenote of the follow-
ing genotype, assuming that in fact two cistrons are involved:

refIIB + reflIA
refII UV refIIA

Preliminary experiments were in fact undertzken to construct such a
heterogenote. The Pl-mediated transduction of the refll V™ locus

into the episome of the F' strain JML (F' thr' leu’ refIIA/thr~ leu )

was attempted, but experiments have so far been abortive. In addition,

preliminary experiments which attempted the formation of refIIB +/refB

refll ov® zygotes from crosses between the Ref-II V" male strain ASHS54
and the Ref-II UV® F~ strain ASH112 were also unsuccessful,since no
recombinants were obtained.

Genetic analysis of the UV® locus by interrupted mating failed
to separate the refIIB and UV°® loci in ASH112. This result was confirmed
by Pl mediated transduction, when UV sensitivity and moreover the deter-

gent sensitivity of the mutants was found to be 100% co-transducible with
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the Ref-II gene. Similariy, somewhat limited analyses of associated
phenotypic characters such as recombination deficiency, bacteriophage

A "resistance" and filament formation have also shown these to be 100%
co-transducible with the Ref-II gene. These results are indicative of
the derivation of these pleiotropic effects from mutations in very
closely linked, if not identical genes. Further evidence for the close
relationship of these genes was provided by the isolation of UV resist-
ant revertants of the Ref-II UV® strains ASH112 and ASH113, which were
found to have simultaneously reverted to colicin E2 sensitivity, to be
ESE+ and to have regained normal growth characteristics and DOC resist-
ance.

It must be emphasised, though that reversion in all pleiotropic
characters may not be found in all UVT revertants selected by this
method. Indeed, the partial recovery in recombination proficiency
displayed by the vt revertant ASH113-R2 (Table 23) may be an example
of incomplete suppression of the refIIB UV° mutation by a further, UV-
induced, suppressor mutation. However the disappearance of E2-refract-
ivity in all §g£B+ transductants selected from one of the re§ertants
does eliminate the possibility of a second, independent mutation
influencing some aspect of UV repair, at least in this strain. This
result also rules out the possibility that the reversion mut;tion
occurred at the refIIA locus, if in fact the refIIA gene also controls

the expression of pleiotropic characters associated with colicin E2-
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refractivity. If reversion had taken place at the refIIA locus, then
E2-refractivity would have been expreesed in approximstely 20% of the
§g£3+ transductants, following the transduction of the refIIB and serB
genes into the refITA serB™ recipient strain, 4K-T*

The isolation of UV E2® revertants also makes it unlikely that
the pleiotropic characters associated with E2-refractivity have arisen
from a deletion covering several closely linked genes., All the genetic
evidence suggests on the contrary that all the characteristics of
Ref-IT UV® strains derive from a mutation or mutations in a single gene.

The actual chromosomal map position of the refIIB locus (Fig.l7)
is of some interest since several genes associated with various aspects
of DNA metabolism are located in this limited area of the E.coli chromo-
some., Thus Ahmad and Pritchard (1969) have located four very closely
linked genes involved in the catabolism of nucleosides and deoxynucleo-
sides, for example the tlr gene, with 20% linkage to the hsp locus, and
lying to the left of serB. In addition, the genes for the restriction
and modification of foreign DNA (Lederberg, 1966; Wood, 1966; Arber
1968; Glover and Colson, 1969) also show very close linkage to the
refIIB gene, and Meselson and Yuan (1968) have demonstrated that at
least one such restriction enzyme is an endonuclease, possiblymembrane
bound, which degrades foreign DNA.

It was originally reported by Van de Putte, Zwenk and Rorsch,(1966)

that one or more Rec loci were located in the serB-thr region. These
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Fig, 17 Linkage of the hsp-refllB-serB-thr-refIIA-

len genes.,

Linkage data derived from transductional analysis (Section

III).
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Rec genes have however since been shown conclusively to map in the
thy-cys region of the chromosome (Willetts, Clark and Low, 1969;
Willetts, personal communication), and the anomalous results of Van de
Putte et al have been ascribed to the probable presence of a genetic
suppressor near thr-leu (Van de Putte, personal communication). In
this respect it is interesting to speculate on the possible role of
the E2-refractivity modifying gene, reflIA, as a genetic suppressor
situated in this region of the chromosome. The ability of refIIA

and £g£A+ strains to support the growth of amber and ochre mutants

of bacteriophage T4 may well assist in the clarification of the role
of the refIIA gene. For example, if it was found that refIIA and not
£g£A+ strains were carrying a genetic suppressor, the position of the
suppressor mutation could be mapped, and the correlation, if any, between
this and the refIIA gene determined.

The Ref-II UV® mutants, unlike RecA, B and C mutants.investigated
by other workers, were not recombination deficient as transductional
recipients. Thus the recombination of phage carried homologous DNA is
not impaired in these mutants. However it cannot be eliminated that
this function is provided by superinfecting Pl particles, since Pl was
used at a multiplicity of circa 10 in these experiments. In this
respect, although no evidence is available at the present time relative
to phage P1, it is interesting to consider certain results obtained by

Franklin (1967) with phage A. She isolated deletion mutants of A which
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had lost the ability to recombine genetically in Rec  bacterial strains,
yet which were capable of recombination in Rect strains. Presumably
then a bacterial enzyme or enzymes present in the Rec+, but not the Rec
host cell, are common to the recombination process in the infecting
phage. If such a system is equally applicable to phage Pl, it may be
possible that superinfecting Pl can complement the Rec  function of
the host bacterium. For clarification of this possibility, there is
scope for future experiments investigating the recombination deficiency
of the Ref-II UV® mutants under conditions of single infection of Pl.

The 100% co-transducibility of the UV sensitivity and recombination
deficiency with the Ref-II gene in Ref-II UV® and Ref-II UV® Rec”
mutants clearly distinguishes them from other UV sensitive mutants
previously described by other workers. Thus the reflI 1) locus, linked
to serB , is quite distinct to the sites, closely linked to thy, where
RedA, B and C loci are located (Emmerson, and Howard-Flanders, 1967;
Willetts, Clark and Low, 1969). Similarly this locus is distinct from
the various uvr loci (Mattern, Zwenk and Rgrsch, 1966), and from the
lon and env loci (Normark, Boman and Matsson, 1969), located to the
right of leu on the chromosome map.

With the exception of the ov® mutants, the Ref-II mutation itself
was found to have no effect upon recombination frequencies when present

in the F~ strain and when crosses were carried out at 37°C and 25°C,
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the latter temperature being that at which E2 refractivity is maxi-
mally expressed. Reduced recombination frequencies were however also
sometimes obtained in crosses in which the reflIB allele was present
in a male strain. This effect was restricted to Ref-II derivatives of
ASH1, a male strain carrying the refIIB gene as a distal marker. This
phenomenon was not due to an incompatibility between male and female
DNA, comparable, for example, to that observed in inter-species restrict-
ion, since with both male and female strains carrying the refIIB gene,
reduced recombination frequencies were still observed. This effect
is still not understood, and should be investigated at least with
different male strains.

The F~ strains ASH112 and ASH113 were defective in the capacity
for the formation of prototrophic recombinants in crosses with male
strains carrying the £g£+ gene as a proximal marker, by factors of 10
and 4.5 x 102 respectively. When the refIIB locus from these strains
was transduced to a £g£B+ reflIA female strain carrying additional
auxotrophic markers and mated with a male strain carrying the £g£B+
allele as a distal marker, the recombination deficiency with both
mutants was about 100. The reason for the different bekhaviour of the
mutants with different male strains is not clear. However Holland
(personal communication) has found that ASH112 is completely refractive
to colicin E2 in NB culture at 37°C as well as at 25°C, whereas ASH113
is completely sensitive at 37°C. On the other hand ASH112 has been
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found (Section II) to display a much greater sensitivity to low
concentrations of DOC than ASH113. When coupled with the recombination
differences, the quantitative differences of these Ref-II we mutants,
both in E2-refractivity and DOC sensitivity,possibly suggests the
presence of yet a third cistron associated with E2-refractivity in

the hsp-serB region of the chromosome. However this cannot be investi-

gated further without fine structure mapping and complementation analysis.
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SECTION IV
FURTHER STUDIES INTO THE NATURE OF COLICIN E2 REFRACTIVITY,
RECOMBINATION DEFICIENCY AND UV SENSITIVITY IN REF-II AND
REF-II UVS MUTANTS

Introduction

Colicin E2 refractivity, as discussed in the Introduction, may
be imagined to arise by changes in several independent systems. For
example, refractivity could result from a change in some cell membrane

component thus preventing the transmission of the effect of the

colicin at the extracellular receptor site to the chromosome and/or the
cell division machinery. Alternatively, if it is assumed that the
lethal effect of E2 is DNA breakdown, DNAases which presumably are at
some stage activated by E2 may be defective in mutant strains. A third
possibility, that modification of the DNA may render this immune to
nuclease attack, must also be considered. With the first possibility,
development of refractivity in zygotes after the transfer of the mutant
allele into a sensitive cell might be expected to involve the resynthes-
is of structural cell components, and would presumably not be expressed
for at least one generation. However if sensitivity was recessive to
refractivity, and refractivity was a consequence of a defective enzyme,
the expression of refractivity may be expected almost immedidtely on
the entry of the mutant gene into a sensitive cell. To establish the

genetical nature of the mutation to E2-refractivity, the kinetics of
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the expression of refractivity after transfer of the refIIB allele
into suitable sensitive strains was determined, and appropriate
£g£B+/:g£IIB heterogenotes were also constrﬁcted.

Secondly, studies initiated into the nature of the recombination
deficiency of Ref-II 1) mutants, gnd into the expression of UV
resistance after formation of £E£B+ UVr/Ref-II w® heterogenotes are
described in this Section.

Materials and Methods

Bacterial Strains. All ref’ strains are shown in Table 1, and unless

otherwise stated, all carried the refIIA allele. Ref-II mufants were
isolated from ASH1O by 2-amino purine treatment.

Phage. The male specific RNA phage p was initially obtained from
R.C. Young.

1. Preparation of stocks of u phage

Aliquots (0.1 ml) of p phage and a NB grown stationary phase
culture of the male strain ASH? were mixed in equal proportions; after
standing at 37°C for 5 min they were plated in 4 ml NB soft agar onto
NB agar plates, and incubated at 37°C for 14 hours. Confluent lysis
was observed and top layer of phage was then harvested,shaken in 2 ml
buffer on a BTL rotory shaker for 15 min to release the phage, and the
centrifuged supernatant retained. This was shaken with a few drops of

chloroform, assayed on stationary phase ASH3 (HfrH) and retained.
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2. Mating conditions

(a) Interrupted mating was carried out as described in Methods,
Section III. For the direct selection of E2-refractive zygotes,
samples from the mating mixture were blended in ice=-cold NB plus
streptomycin; these samples were then incubated at 37°C without shaking
for 2 hours, and aliquots were removed at intervals, diluted through

3

buffer and plated onto NB agar plates supplemented with 5 x 10” units/
ml of colicin E2. Plates were incubated at 25°C for 24 hours and the
E2-refractive colonies emerging were replica plated to plates containing
colicin E2 and colicin E3 at 25°C or 40°C to confirm the Ref-II pheno-
type.

(b) F' transfer. F' and F~ strains were grown aerobically at 37°C in
M9 supplemented with requisite amino acids to 5 x 107 and 5 xllo8 cells/
ml respectively; equal volumes were mixed together at 37°C with slow
shaking for episome transfer to take place. After 15 minutes episome
transfer was terminated by the addition of streptomycin and the mixture
was diluted through buffer and plated on appropriate M9 agar plates for
the selection of various classes of prototrophic merozygotes. Plates
were incubated at 37°C for 36 hours unless otherwise indicated. For the
direct selection of UV resistant heterogenotes; after streptomycin
addition incubation was continued at 37°C and samples were removed at

intervals over a three hour period; subsequent dilutions were plated

onto TB agar and streptomycin plates and exposed to a 40 second UV dose
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as previously described in Methods,Section II. Plates were then
incubated in darkness for 14 hours at 3700, and emergent colonies
tested for episome status. To confirm the F' condition of hetero-
genotes, single colonies were resuspended in 0.5 ml buffer, and a small
inoculum spotted with a wire loop onto NB agar plates. When this drop
of culture had dried, & dilution of a suspension of the male specific

n phage was placed in such a way as to overlayer half of the drop §f
culture under test. After 8 hours incubation at 37°C, the plates were
observed; F' cultures characteristically displayed a half-moon zone of
inhbition of growth where in contact with the phage suspension, whereas
F~ control cultures displayed normal confluent growthe.

3. [g—galactosidase formation, induction and assay

With certain modification, the procedure employed was based upon
that described by Pardee, Jacob and Monod (1959).

(a) Single cultures

(1) Induction of f-galactosidase. As the zygote concentration after

mating has to be increased 20 fold to give a sufficient number of cells
to facilitate easy detection ofAf—galactosidase, it was necessary to
increase the concentration of the single culture controls to egual that
in the final mixture. 10 ml of NB was therefore inoculated with 0.5 ml
of overnight cultures of appropriate strains. These were then grown with
shaking at 37°C to a cell density of 2 x 108 cells/ml in the case of the

9

male Hfr strain, and 4 x 107 cells/ml in the case of the various F_
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strains. For the induction of Ag-galactosidase, 0.5 ml of iso.propyl-
th1018-ﬁ>- galactoside (IPTG) was then added to the respective cultures.
0.2 ml duplicate samples were immediately removed for enzyme determin-
ation; shaking was continued at 37°C and further samples were removed
at 30, 60, 90 and 120 minute intervals. When the induction of
ﬁLgalactosidase in the male strain in the presence of streptomycin was
estimated, streptomycin was added to the culture 10 minutes prior to
the addition of IPTG.

(ii) Release of R-galactosidase

0.2 aliquots of samples were pipetted into tubes containing 1.8
ml distilled water and 1 drop of toluene. The tubes were vigorously
shaken on a '"Whirlymixer" (Fisons Scientific Apparatus Ltd.) for 30
seconds and incubated at 37°C for 30 minutes to ensure enzyme release.

(iii) Assay of/?sgalactosidase

To the toluene treated samples 2.5 ml of 0.1 M Tris buffer, pH
8.0 was added and to initiate the reaction, = 0.5 ml of O-nitrophenol-
ﬁ-J)-galactoside (ONPG) was then added. The mixture was incubated at
37°C for 30 minutes to allow the development of a sufficient colour
intensity. The reaction was terminated by the rapid addition of 0.5
ml of M Na2003, after which samples were allowed to stand at room

temperature for 30 minutes before OD detérminations,
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Optical density was measured with a Gilford 300 Microsample
Spectrophotometer at 420 mp against a reagent blank. The amount of
enzyme present was calculated from a standard curve of umoles of ONPG
against spectrophotometric reading.

(b) Mixed cultures

(1) Mating conditions

Overnight NB cultures of the male strain8 and the respective F
strains were inoculated into fresh NB and grown with aeration to
approximately 5 x 108 cells/ml. Cultures were Coulter counted, and

7

adjusted to cell densities of 2 x 10’ cells/ml for the male strain and
b x 108 cells/ml for the F_ strains. 20 ml of the Hfr strain and 20
ml of the F strains were then mixed and shaken slowly at 37°C for
30 minutes; streptomycin was added, the mixtured blended vigorously
for 1 minute in the Whirlymixer, and shaken for a further 10 minutes
at 3700 to complete the kill of the Hfr strain.

The mating mixture was then centrifuged and resuspended in 2ml
of NB fog/ﬁLgalactosidase estimation as previously described.
4, Chemicals

Stocks of the chemicals ONPG and IPTG were obtained from Sigma

Chemical Co., St Louis, U.S.A.
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Results

A. Phenotypic Expression of Colicin E2 Refractivity in Ref-I1I Mutants

l. Kinetics of Expression

To analyse the kinetics of phenotypic expression of E2 refractiv-
ity)an E2 refractive male strain was mated with an E2 sensitive female
strain and the time at which E2 refractivity became apparent in the
zygotes was determined.

For this purpose ASHS54, an E2 refractive derivative of the HfrH
ref’ strain ASH3, was mated with the ref’ F_ strain ASHS. After ten
minutes, the mating was interrupted. Stationary incubatioziiontinued
at 2500 and 40°C in NB supplemented with streptomycin to prevent further
growth and chromosome transfer by the streptomycin sensitive male strain
and the expression of E2 refractivity followed. As a control, cultures
of the Hfr and F~ strains were mixed in the presence of streptomycin
and incubated at 40°C. The spontaneous mutation of the F~ strain to
E2 resistance under these conditions was followed by plating the mix-
ture on lawns of colicin E2 at intervals. The number of resultant
colonies obtained was taken as an indication of the spontaneous rate
of mutation to colicin E2 resistance under the conditions of the
experiment. From the results, shown in Figure 18, it can be seen that
following incubation at 40°C and 25°C, E2 refractivity was expressed in
the zygotes after a time lag of 70 and 100 minutes respectively. This

indicated that the mutation was either -Tecéssive to the wild type,
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Fig, 18 Time of phenotypic expression of colicin E2

-refractivity

ASHSY4 (Ref-II HfrH) crossed with ASHS (ref' F7). Mating
terminated after 10 minutes, and incubation continued for
2 hours at 25° and 40°C; samples removed at 10 minute

3

intervals and plated onto lawns of 5 x 10 units/ml colicin
E2 for incubation at 25°C and 4000. Control experiment to
determine rate of spontaneous mutation to E2 under conditions

of experiment.
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or if dominant, expression of refractivity requires resynthesis of,
for example, structural cell constituents.

2. Formation of Heterogenotes

Heterogenotes were next constructed from strains carrying the

+ . :
ref -thr-leu region on extrachromosomal episomes.

For this purpose, two F' strains were initially used, KLFl (refB+

thr' leu'/refB* thr~ leu”) and KLF4 (refB' thr' leu’ pro*/refB* thr~

;gg- Bsgf). Cultures of each F' strain were mixed with cultures of
the F strain, ASH102 (refII ;ggﬁ) and after 15 minutes the mixture was
diluted through buffer and plated on appropriate M9 agar plates for the
selection of lgg+ heterogenotes. After incubation for 36 hours, 100
lgg+ colonies from each cross were taken, resuspended in 0.5 ml buffer,
and tested for presence of the episome with the male specific p phage
as described in Methods, Section IV. By this procedure, 40 F' hetero-
genotes from each cross were obtained and tested for E2 refractivity,
as shown in Table 27. Without exception, all £g£B+/zg£IIB heterogenotes
were colicin E2 sensitive. Any of the original lggf classes which were
found to be refractive to colicin E2 were subsequently found to have lost
the episome: clearly fherefore, E2-refractivity is recessive to sensitivi-
ty in such heterogenotes.

To determine whether the apparent dominance of the £g£3+ allele
over the refIIB allele was in fact true, it was necessary also to
establish the status of the refA gene on the episome. This could only
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be assumed to be refIIA, since the episome was derived by Low (1968)
from an HfrH strain analogous to that from which Ref-II mutants were
derived in this study. The refB+/befIIB heterogenotes constructed from

the cross between KLF1 (F' refBY thr' refIIA leu’) x ASH102 (F™ refIIB

thr' refITA leu ) were therefore presumably homozygous for the refIIA

allele. Thus the refB allele was truly dominant over the refIIB allele.

B, Studies into the Nature of Recombination Deficiency in Ref-II1

Mutants

As described in Section III, certain Ref-II UV® strains were
defective in genetic recombination following mating with suitable Hfr
strains. However unlike RecA, B and C mutants which may actually be
deficient in some recombination enzyme, the Ref-II UV® mutants as
recipients did not display any significant reduction in transduction
frequencies.

For further insight into the nature of recombination deficiency
in these strains, experiments were carried out to determine their
capacity to receive genetic material from male strains.

1. FEpisome Transfer

(a) Constmction of a streptomycin sensitive, F' thr® leu'/thr™ leu”

heterogenote

For the ease of selection of thr' leu' heterogenotes without
recourse to auxotrophic deficiencies and for the determination of the

expression of UV resistance in Ref-II UV® mutants, described later in
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this Section, a str® F! heterogenote with an extrachromosomal episome

covering the refB'-thr-leu region of the chromosome was constructed

(Methods, Section IV). Thus several heterogenotes with the genotype

thr+ 1eu+/ thr leu nist arg+ str® were selected after transfer of

the episome from KLFl (F' thr' leu'/thr™ leu” his~ arg str’) into

strain 158 (F~ thr leu str°). One such strain, JMl, was then employed

as the F' donor strain in subseqgeunt crosses with Ref-II UV® mutants.

(b) Ability of the Ref-II mutants to receive episomal DNA

For this purpose, cultures of the F' strain J.Co.l (F!' 1ac+/thr—

leu  lac_ thy str") and JM1 (F! thr' leu'/thr™ leu” str®) were mixed

with cultures of ASH1O (F~ leu  lac thy met str’) and Ref-II deri-

vatives of ASH10. Selection was made after mating with J.Co.l for lac”

heterogenotes, and after maﬁng with JM1 for thr' 1eu+/thr- leu hetero-

genotes (Table 28).

The results, shown in Table 28, indicate that, with the exception
of one Ref-II uv® mutant, ASH116, the ability of Ref-II UV® mutants to
receive and maintain episomes did not differ from that shown by parent-
al controls or the Ref-II vt strain, ASH102. ASH116, although somehow
defective in the maintenance or receipt of episomal DNA, was not
deficient in recombination following conjugation with the HfrH strain
(see Section III). It msy be possible, however that the formation of
the mucoid capsule particularly secreted by this mutaﬁt after growth

on minimal agar (Sectioh II) may in some way be correlated with the
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TABLE 28

Ability of Strains of E.coli K12 Carrying Ref-II Uv°® Mutations to

Receive Episomal DNA

Frequency of
Donor Recipient transfer
(% input male)

J.Co.l ASH10

(F lgg+/ (ref*1leu lac thy met str’) 1.6
thr= leu~lac~thy=strS)

J.Co.l ASH102 (Ref-II UVY) 2.2

J.Co.l ASH112 (Ref-II UV®) 2.1

J.Co.1l ASH113 (Ref-II UV®) 1.0

J.Coel ASH115 (Ref-II UV®) 1.9

J.Co.l ASH116 (Ref-ITI UV®) 0.06

JM1 ASH102 (Ref-II UVY) 3,7

(F? thr+1eut/
thr- leu- str-)

JM1 ASH112 (Ref-II UV®) 2.5
JM1 ASH113 (Ref-II UV®) 1.8
JML ASH115 (Ref-II UV®) 2.4
JM1 ASH116 (Ref-II UV®) 0.1

Cultures of F' and F strains were mixed for 15 min at cell densities
of 5 x 107 and 5 x lO8 cells/ml respectively as described in Methods,
. Section IV. Selection was made for lact heterogenotes in one case,

and for thr' leu' heterogenotes in the other.
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inability to form mating pairs under these conditions. In relation
to the Ref-II UV® Rec™ mutants tested, these results clearly
demonstrated that the inability to form prototrophic recombinants
after conjugation with suitable male strains does not arise from
failure to form mating pairs.

2. A-galactosidase Induction in Merozygotes

It may be considered that although the ability of the recombination
deficient Ref-II UV‘s mutants to receive episomes was not significantly
impaired, chromosomal entry from Hfr males may involve some different
mechanism. To test this hypothesis, the transfer of lac genes from a
male donor to the Ref-II 1) zggf mutants ASH112 and ASH11l3 was studied
directly by the determination of the ability of merozygotes to synthes-
ise/B-galactosidase after induction with isopropyl-thio-/3 -p -galacto-
side (IPTG).

Initially, tle synthesis of ﬁ-galactosidase after induction was
followed in single cultures of the parental F~ strain ASH10 (;ggf ;ggf

thy- met™ strr), the Ref-II UV® derivatives ASH112 and ASH113 and the

donor HfrH strain ASH3 (;§3+ EE;?))with and without streptomycin in the
culture medium (Fig. 19).

The F~ strains were mated with the HfrH donor ASH3 for 30 minutes
prior to interruption and the addition of streptomycin to kill the
male strain, thus preventing further pair formation. The 2zygote

concentration was first increased 20-fold by centrifugation and
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Fig. 19 The Induction of’fpgalactosidase in merozygotes

formed after crosses between a male donor strain

and certain Ref-I1 ov® mutants

(a) The F~ strains ASH1O, ASH112 and ASH113 (leu lac thy met”

5335) and the HfrH donor strain ASH3 (lggfg&;s) were grown to
densities of 4 x 10° and 2 x 108 cells/ml respectively.
/@-galactosidase was induced as described in Methods, Section
IV, and followed by the removal of samples at O, 30, 60, 90 and
120 minutes after induction. For the estimation of /g-galacto-
sidase in the male strain in the presence of streptomycin (8
mg/ml), the latter was added to the culture 10 minutes prior to
IPTG addition. The assay ogﬁ;—galactosidase is described in
Methods, Section IV.

(b) 20 ml volumes of the F and Hfr strains at densities of

L x lO8 and 2 x 107 cells/ml respectively, were shaken slowly at
37°C for 30 minutes; streptomycin was added, the mating interrupt-
ed (Whirlymixer) and shaking continued for a further 30 minutes
to complete the kill of the male strain. The mating mixture was

centrifuged and concentrated x 20 before enzyme determination.
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resuspension in a small volume before induced synthesis of /e-galacto—
sidase in the zygotes was determined. As shown in Figure 19(b) there
was no difference either in the rate or the amount of/8 -galactosidase
synthesised in the zygotes formed from the two Ref-II UV°® mutants
ASH112 and ASH113, or the parental control strain ASH10. It may
therefore be concluded that chromosomal entry into Ref=-IT UV® strains
is normal. In addition, the continued expression of the lac genes
after transfer also shows that the failure to form recombinants does
not apparently arise from rapid degradation of donor DNA.

C. Phenotypic Expression of UV Sensitivity in Ref-IT UV® Mutants

As described in Section II, Ref-II UV® Rec” mutants differed in
several respects from conventional Rec mutants. Thus this class of
refractory mutants, unlike the RecA, B and C mutants, were relatively
insensitive to X-ray irradiation, were sensitive to low concentrations
of detergent (sodium deoxycholate) in the growth medium, and in some
cases were able to recover from the effects of UV irradiation on the
inclusion of D-L-pantoyl lactone in the post-irradiation growth
medium.

It was therefore of considerable importance to investigate
further the nature of the concurrent UV sensitivity in these refractory
mutants. For this purpose, heterogenotes were constructed with an

extrachromosomal episome covering the refIIB UVS—EEE-leu region of the

chromosome of Ref-II UV® strains. The kinetics of the development of
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UV resistance in such heterogenotes was then compared to that in a
heterogenote constructed with an episome covering the thy-recB region
of a RecB mutant.

1. TFormation of Heterogenotes

Leu' heterogenotes were selected from a cross between the Ref-II
UVs strains ASH112 and ASH113 (refII UVs leu strﬁ) and the F' strain

JgML (F' reft ovF thr' leut/thr™ leu™ str®). ‘In all 10-leu’ clones were

obtained and the presence of the episome confirmed by testing with
the male specific RNA phage p. These were then tested for colicin E2
refractivity and UV sensitivity by screening methods previously des-
cribed. Without exception, all heterogenotes of the type gggf o ;gg+
/gg{II UVs }gg- were both colicin E2 sensitive and UV resistant.

The recessive nature of UV sensitivity was anticipated from
similar results found with E2 refractivity, and is also compatible
with the recessive nature of UV® in Rec  mutants (Willetts, personal
communication). However this finding does not clarify the nature of
the defect in the Ref-II UV® mutants and with this objective in mind,
the kinetics of the expression of UV resistance in newly formed hetero-
genotes was determined and compared to that in heterogenotes of a
RecB mutant, JC445?.

2. Kinetics of Expression

Cultures of the Ref-II UV® strains ASH112 and ASH113 (F refll

UVs leu strr) were mixed for 15 minutes with the F' strain JM1
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(F' reft UVF leu’/ ref’ UV' leu” str®) and episome transfer terminated

by‘the addition of streptomycin. Incubation was then continued for a
further 3 hours and samples were removed at intervals, diluted, plated
and the number of UVr heterogenotes determined. As a control the
response to UV of single cultures of ASH11l2 and ASH11l3 over the period
of post-irradiation incubation was also determined.

Similarly, heterogenoteé of the type thz+recB+/thy+recB- ‘were

constructed from & cross between JC4457 (F~ recB™ str’) and an F'

derivative of CR34 (F' thy+ recB+/thy- recB’ str®) and the expression

time of UV resistance in the heterogenote also determined. Results
are shown in Figure 20. It is clear from Figure 20(a) and (b) that
in £g£+ UVr/ZgzII e heterogenotes, UV resistance does not increase
for at least 60 minutes after mating, despite rapid transfer of the
episome. However with EEEB+ UVr/zggB- wv® heterogenotes, the
expression of UV resistance commenced almost immediately after the
receipt of the episome. This latter behaviour may be expected since
the RecB mutants lack a specific exonuclease probably involved in
recombination and repair (Buttin and Wright, 1969). In contrast, the
large delay in the expression of wild type UV resistance in the Ref-II
UV mutant corresponding approximately to 1 generation time is compat-
ible with the replacement of some structural component of the cell
prior to the efficient operation of a "UV-repair system'.

A rather curious result was obtained, however, with heterogenotes

formed from the Ref-II UV® mutant, ASH112 (Figure 21). Initially this
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Fig, 20 Time of phenotypic expression of UV resistance

in Ref-II UVs mutants andba conventional rec§

mutant
(a) JcChbsy (EEEB- UV®) crosses with CR34 (F! ESEB+ wh)
(b) ASH113 (Ref-II UV®) crossed with JML (F' ref’ UV®)

UV irradiation as described in Methods, Section II.
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Fig, 21 Time of phenotypic expression of UV resistance

in the Ref-II UV® mutant, ASH112

ASH112 (Ref-II UV®) crossed with JM1 (F' ref’ UV'). UV

irradiation as described in Methods, Section II.
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strain behaved like ASH113 with UV resistance being finally expressed
in all heterogenotes after circa one generation time. Confirmation
of this is received from the number of lgg+ heterogenotes (2.5% -
Table 28) obtained after such a cross which approximately corresponded
to the maximum level of UV® heterogenotes obtained. As shown in
Figure 21, however, after 150 minutes the number of el heterogenotes
of ASH112 stopped increasing and possibly even declined, whereas the
number of UV® heterogenotes of ASH113, although not shown in Figure
20(b), continued to increase almost to the level of the unirradiated
control. This effect in ASH112 may indicate that the episome is not
replicating in many heterogenotes, or that this effect reflecfs death
of the zygote corresponding to, for example, the lethal sectoring
found with other UV® Rec mutants (Haefner, 1968).

Discussion and Conclusions

The expression of colicim E2 refractivity in zygotes formed
from a mating between a Ref-II male and E2-sensitive female strains
took place after incubation for 70 and 100 minutes at 40° and 25°C
respectively. This result implied that E2-sensitivity was dominant,
and the refIIB allele was recessive to the corresponding £g£B+ allele.

This was indeed confirmed by the sensitivity of refB* refITIA/refIIB

refITA heterogenotes to colicin E2., Furthermore it was found that
UV sensitivity in heterogenotes formed from Ref-II ov® mutants, like

colicin E2-refractivity, was recessive to UV resistance, and in this
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respect was similar to the UV sensitivity of Rec  mutants (Willetts,
personal communication).

However when the kinetics of the expression of UV resistance in
zng UVr/ggill wv® heterogenotes, formed after the transfer of a
suitable episome, was determined and compared to a similar UVr/UVB
heterogenote constructed from a RecB mutant, a long delay in the
expression of the wild type character, UV resistance, was noted. Now
similar patterns of expression have been observed in the formation of
resistance to many bacteriophages, and have been ascribed to a replace-
ment of the phage receptor on the bacterial cells surface (Hayes, 1968(b).
The long delay in the expression of UV resistance in Ref-II UVS/EE£+ vt
heterogenotes is also compatible with the formation of a structural
component, which presumably has to be replaced before some aspect of
UV-damage can be overcome. The synthesis of a new repair enzyme in
Ref-IT UVS/32£+ o heterogenotes, which probably occurs in the RecB
heterogenote employed, is unlikely. Indeed, the delayed expression of
E2-refractivity in zygotes may also be ascribed to the formation of
structural components in the cell in addition to the replacement of
the dominant refB® allele.

The nature of the recombination deficiency of the Ref-II 11
EEE- mutants ASH112 and ASH113 was investigated by determining the
capacity of these strains to receive genetic material from male strains,

and the results indicated that both chromosomal and episomal DNA transfer
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to the mutants was normal. The failure of these strains to form
prototrophic recombinants, therefore, is not due to some defect in
pairing with male strains, and, as lac genes continue to be expressed
after chromosome transfer, cannnot apparently be ascribed to a rapid
degradation of donor DNA. Moreover, as a basic difference between
these Ref-II UV® Rec” strains and conventional Rec mutants in their
ability to recombine with Pl transmitted, homologous DNA (Hertman

and Luria, 1967) has already been established and commented on in
Section ITI, it is suggested that these mutants therefore constitute

a new class of Rec mutants.
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DISCUSSION

The chain of compdnents in a bacterial cell permitting the
specific and successful action of an extracellular colicin very likely
includes cell surface adsorption sites, a transmission system presumably
located within the cytoplasmic membrane, and a final biochemical target.
The colicin molecules neither appear to penetrate the cell surface
layer, nor cause gross cell membrane change (Nomura, 1967) and inter-
action with the cell must therefore be of a highly specific and unique
nature.

The studies described here have been concerned with the basis of
sensitivity to colicin E2. This colicin, one of the E group of colicins
is characterised by its induction of a rapid degradation of DNA
(Nomura, 1963) and the inhibition of cell division in sensitive bacteria
(Holland, 1968). To facilitate this study, mutants refractory to
colicin E2 were isolated from certain strains of E.coli K12. These
refractory mutants, although still adsorbing the colicin molecule to
specific E group receptors in the cell surface, fail to induce
degradation of the intracellular DNA, and the cells survive. The
mutants have presumably become blocked at some late stage in the
transmission of the effect of the extracellular colicin to the intra-
cellular target. Alternatively these mutants may have undergone some
change in the final target, for example, the DNA,preventing DNA break-

down and so rendering the cells refractory to colicin E2., If, in
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particular, these mutants are of the first type, it is probable that
refractivity is a direct result of some change in the cell membrane.
It was hoped therefore that a genetical and physiological study of
mutants refractory to colicin E2 would provide information on the
mechanism of action of coliqin E2, and moreover yield evidence of
the functional organisation of the cell membrane in bacteria.

Mutants refractory to colicin E2 (designated Ref-II) were
initially isolated by 2-amino purine treatment from a female strain
of E.coli K12 ASH10, and subsequently from several other strains of
E.coli K12. The position of the refIIB locus was determined first
by linkage analysis and then more precisely by interrupted mating,
using various Ref-II male strains. From these results, the refIl
locus was positioned 2-3 minutes to the left of thr on the bacterial
chromosome. Further mapping studies with the transducing phage Pl
have shown this locus to be co-transducible with serB (20%) and closely
linked (93%) to the hsp locus. Thus the refIIB locus can be clearly
distinguished from multi-refractory loci previously mapped near gal
(De Zwaig,and Luria, 1967; Nomura and Witten, 1967; Hill and Holland,
1967 - see Table a) and from a locus near thyA controlling specific-
ally refractivity to colicih E1 (Clowes, 1965; De Zwaig and Luria,
1967; Nomura and Witten, 1967; Hill and Holland, 1967).

Although the exact positional relationships of the refIIB and

hsp loci were not conclusively established in this study, these loci
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are however quite distinct. Thus several Hsp- mutants tested by
Holland (1967) were not refractory to colicin E2, and likewise Ref-II
mutants tested in this study displayed normal host specific restrict-
ion. However the very close linkage of a gene determining sensitivity
to colicin E2 to a locus known to determine the formation of a DNAase,
probably surface bound,‘(Meselson and Yuan, 1968) may not be fortuitous
since the primary action of colicin E2 may be specific degradation of
the cell DNA. Further study of the relationship between these genes
and between the enzymes determined by these genes should be rewarding.
Considerable difficulties were encountered in the transductional
analysis by the lack of expression, or lethality of the refIIB gene in
the particular EEEB_ 325- recipient strain initially employed for this
purposes. Furthermore, it had previously proved impossible to isolate
Ref~IT mutants from several strainsof E.coli. Such results suggested
the involvement of a second gene, either affecting the phenotypic
expression or the otherwise lethal effects of E2 refractivity. Sub-
sequent transductional studies in fact indicated that a second gene
affecting E2 refractivity was closely linked (70%), and probably to
the right of thr on the bacterial chromosome. The transduction of
this gene from a strain from which Ref-II mutants may be derived to
one in which they cannot, for example the EEEB- transductional
recipient strain 4K, then allowed the expression of E2-refractivity

and was also contingent with the isolation of Ref-II mutants from such
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a strain. The role of this second gene, tentatively designated
refIIA in colicin E2 action is not yet known. This gene may determine
the formation of a further membrane component, or an enzyme involved
in the synthesis of some membrane component which is essential for
the transmission of the colicin effect. However if the refIIA gene
does in fact affect some component in the cytoplasmic membrane, this
is not reflected by any significant increase in the sensitivity of
Ref-IIA strains to the detergent sodium deoxycholate (DOC), although
this does not eliminate any subtle changes in membrane structure.
Alternatively the second gene may be acting as a genetic suppressor
which can, for example, suppress an otherwise lethal effect of the
Ref-II mutation. Indeed, if one accepts that the temperature depend-
ent expression of E2-refractivity in all Ref-II mutants derives from
mutation at a limited number of mutational sites, and that only such
mutations can be modified by a second gene, then it can be postulated °
that all other mutations in the refB gene cannot be modified and are
lethal. The frequency of Ref-II mutants isolated from £g£B+ refIIA
strains is considerably lower than the frequency of other refractory
mutants and it may be further postulated that even the conditional
refractivity of Ref-II mutants to colicin E2 is a partially lethal
character. In the case of the Ref-II UV® mutants, which display
significantly reduced growth rates and plating efficiencies when

compared to wild type, and RefII il control strains, this is clearly
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the case.

Ref-II mutants may be divided into two distinct phenotypic
groups on the basis of sensitivity of the mutants to UV irradiation,
and to the detergent DOC. The majority of the mutants showed no
increased semnsitivity to UV or DOC, but approximately 34% of those
tested were found to display increased sensitivity to both these
agents. It may be postulated that these two phenotypic classes of
Ref-I1 mutants reflect mutation in at least two separate cistrons,
mutations in one cistron producing Ref-II v poct phenotypes, and
in the other Ref-II UV® DOC® phenotypes. However transductional
analysis revealed that if two Ref-I1 cistrons do exist, they are
both 20-21% co-transducible with serB. It is therefore apparent
that if mutation in two distinct cistrons can indeed produce colicin
E2 refractivity, then these cistrons must be extremely closely linked,
and probably are adjacent on the chromosome. If more than one cistron
is present, then intergenic complementation between these is
theoretically possible. For this purpose, the construction of a
strain carrying either the refIIl UV' or the refll uv® poc® mutation
on an extrachromosomal episome was attempted in this study. Regret--
ably this attempt was abortive, but future investigation should
concentrate on the formation of this class of heterogenote for the
determination of the precise number of Ref-II cistrons in the hsp-

serB area of the chromosome, and their relationship with other genes
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in this area. As will be discussed later, this is now a crucial
task in further clarification of the genetical nature of colicin
E2-refractivity and the associated pleiotropic characters.

The majority of the Ref-II UV°® class of colicin E2-refractory
mutants were found to possess additional pleiotropic characters not
shown by the Ref-II UV" mutants. For example, the majority showed
poor growth rates in complex media and also displayed morphological
cell surface abnormalites, S.uch as the extrusion of almost free
spheroplasts, when examined microscopically under phasé contrast.
Out of six strains examined, four were also deficient in some aspect
of genetic recombination. Furthermore one such Rec mutant in
particular was also characterised by a filamentous growth pattern,
and three ﬁore mutants had a reduced capacity to support the growth
of bacteriophage A. Another mutant, although not recombination
deficient in crosses with at least one male strain showed a reduced
capacity to receive (or replicate) episomal DNA, and also produced
a mucoid capsule when grown on minimal agar. Only the UV sensitivity,
recombination deficiency and DOC sensitivity of these Ref-II 1)
mutants was examined at both 25°C and 40°C, but it was apparent that
these pleiotfopic characters at least, unlike E2-refractivity, were
not temperature dependent. At the same time, it proved impossible
to sub-divide the Ref-II UV® mutants in any simple way into discrete

phenotypic groups on the basis of their different pleiotropic
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characters.

To account for the complex pleiotropy of the Ref-II 1)
mutants, including UV and deoxycholate sensitivity, three genetic
models may be postulated.

(1) Pleiotropic characters may have arisen through deletions cover-
ing several closely linked genes, concerned with, for example, UV
irradiation repair, recombination events and the replication of phage
A in the cell in addition to colicin E2-refractivity.

(2) Secondly, pleiotropy may be the result of a series of closely
linked, multisite mutations induced by the mutagen, 2-amino purine.
(3) Finally, pleiotropy may derive from different mutations in a
single gene.

Each possibility will now be discussed in turn.

1. Are Ref-II UV® Strains Deletion Mutants?

To test the first hypothesis, the isolation of UV resistant
revertants of the two Ref-II UV® mutants ASH112 and ASH113 was
attempted. Such revertants were in fact readily selected, and more-
over were found to be colicin E2-sensitive, and to have regained normal
recombination proficiency and DOC sensitivity. However it could not
be overlooked that UV' revertants of the Ref-II UV°® mutants could have
arisen through the suppression of the refIIB UV® mutation by a further
UV induced mutation. An equally applicable hypothesis, if the refITA
gene does in fact potentiate the expression of UV sensitivity in
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addition to E2 refractivity, is that reversion or suppression of the
refIIA gene could give rise to V¥ revertants. Although the site of
the reversion mutation was not carefully mapped in these studies it
was found that E2-refractivity no longer segregated with serB after
the transduction of §g£B+ from at least one UV' revertant strain into
a EEEB- E2-sensitive recipient. In this strain, therefore, it appears
most probable that the reversion mutation occurred in the refIIB gene
and not in the refITA gene or at any external suppressor locus. This
result thus indicates that Ref-II UV° mutants do not aise as a result
of deletions spanning independent refractivity and UV sensitivity loci.
At this point it is interesting to note how further studies on
UV" revertants of Ref-II UV® mutants could clarify the role of the
refITA gene. For example, if the refIIA gene merely potentiates the
expression of E2-refractivity and UV sensitivity, then some vt
revertants should arise through reversion at the refIIA locus. Re-
introduction by transduction of the reflIIA allele should then restore
B2-refractivity. Alternatively, if the refIIB gene is lethal to any
particular strain in the absence of the refIIA gene then it should
be impossible to select UV" revertants arising from reversion to
£S£A+° Therefore, by screening a large number of revertants to
determine the status of the refIIA allele, the role of the reflIA
gene in either the expression of E2-refractivity or in the masking

of lethality of the refIIB gene should be apparent.
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If the mutation in the Ref-II UV® strains did produce an
alteration in a membrane protein which impaired the ability of a
UV repair enzyme to bind to the cell membrane, then a second, UV
induced mutation may produce enzymes now capable of correct binding
to the mutated membrane site. In this event, it may be expected
that UV" revertants would be E2-refractive, but this was not observed
in any of the UV" revertants selected and tested.

Further, albeit negative, evidence against the likelihood of
the pleiotropic characters arising through a deletion covering
several genes is the failure to isolate any Ref-II mutants which are
also EER-' Since these loci are only 3-4 genes apart, deletions
covering the refIIB gene might be expected to extend into the hsp
genes. In addition, although several Els- loci have been mapped by
Ahmad and Pritchard (1969) tothe left of, and 20% co-transducible
with serB, of several Ref-II UV® mutants examined by Beacham (personal
communication), all were Tir'.

Finally, the temperature sensitivity of all the Ref-II mutants
strongly suggests an actual refIIB gene product with a functional
conformation at high, but not low temperatures. This fact alone
cannot be explained in terms of a deletion covering the reflIB gene.

2. Are Ref-II UV°® Strains Multisite Mutants?

The second possibility, that the pleiotropic characters have
arisen through a series of multisite mutations in closely linked
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genes is unlikely in view of the mutagen employed in the isolation

of Ref-II mutants in this study. Thus unlike nitrosoguanadine (NMG)
which has been shown to induce multiple, but closely linked mutations
in E.coli (Cerda-Olmedo, Hanawalt and Guerola, 1969) there is no
evidence that the base analogue 2-amino purine induces anything

other than single point mutations (Hayes, 1969(a)). Direct evidence
to this effect comes from genetical analysis of the association of the
pleiotropic characters with E2-refractivity. Initial interrupted
mating experiments indicated a very close linkage between UV sensitivity
and E2 refractivity, and a later more comprehensive transductional
analysis failed to separate E2 refractivity, UV sensitivity and DOC
sensitivity. Similarly, although analyses were rather limited, the
recombination deficiency, bacteriophage A ''resistance'' and filament
formation found in certain Ref-II UV® mutants were also 100% co-
transducible with E2-refractivity.

All available evidence therefore suggests that the Ref-II uve
mutants carry single point mutations, and the complex pleiotropy of
the mutants can best be reconciled on the basis of the following two
models described below.

3. Are Ref-II UV°® Strains Point Mutants?

The first model assumes that the refB gene constitutes part of

an operon concerned specifically with chromosomal metabolism and cell
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surface formation. Mutations in this gene may then have strong
polar effects upon adjacent genes (Ames and Martin, 1964; Yanofsky
and Ito, 1966). As an example of this it was found by Whitefield,
Martin and Ames (1966) that mutants of the aminotransferase (C gene)
in the histidine operon of Salmonella, induced by 2-amino pprine,
were almost all either amber or ochre mutants. Although it was
thought by these authors that missence mutationswere also induced by
2-amino purine but escaped detection, this result does indicate the
inducibility of amber and ochre mutants by 2-amino purine. However,
if it is postulated that the refIIB mutation is in fact a chain
terminating mutation, it would be difficult to reconcile this with
the conditional nature of E2-refractivity, unless it was further
postulated that the primary mutation is in fact partially suppressed
in E2-refractory strains. The closely associated refIIA gene may well
be thought to fulfill this role, functioning as an amber or ochre
suppressor of the refIIB gene. Indirect evidence in support of the
suppression of the refIIB gene by some further gene may be derived
from the conditional nature of E2-refractivity in all Ref-II mutants,
since a similar preponderance of temperature-sensitive phenotypes
have been reported by Eggerton and Adelberg (1965), following the
suppression of ochre and amber mutants of the ilz'gene of E.coli.
Further genetic analysis, however, is now necessary to determine

whether in fact genetic polarity is operating in this system.
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The second model to explain the pleiotropy of Ref-II uve
mutants assumes that the £§£B+ gene determines the synthesis of a
single membrane component, the alteration of which affects a
multitude of different cellular functions. This at first sight
appears difficult, since although deoxycholate sensitivity, cell
surface defects, and in once case excessive polysaccharide formation
all suggest a defective membrane component concerned with cell
surface integrity and metabolism, UV sensitivity and recombination
deficiency suggest a loss of function concerned with some aspect of
DNA metabolism.

Before attempting to reconcile all the pleiotropic characters
in these mutants with one single mutational change, one should first
consider the different ways in which each character might in fact
arise.

(a) Deoxycholate Sensitivity. Changes in at least two systems may

produce an increased sensitivity of the Ref-II UV°® mutants to deoxy-
cholate. Forexample, sensitivity may have directly arisen from an
alteration in some cell surface or membrane constituent normally
participating in the transmission of the colicin E2 effect from the
extracellular receptor site to the intracellular target. Deoxycholate
sensitivity could also be the result of general disturbance of cell
surface metabolism in consequence of defective DNA metabolism arising
from the mutation to E2-refractivity. In an extreme case, this may
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also be manifest by disturbance in polysaccharide synthesis, as is
in fact found to take place in the mutant ASH116 when grown on
minimal agar. At the moment it is difficult to evaluate the increased
sensitivity of the Ref-II UV° mutants to deoxycholate in terms of
specific membrane alteration wihtout further knowledge of the precise
mode of action of this detergent. Fractionation of the membrane of
the Ref-II UV® mutants, by, for example, the technique of Nagata,
Shibuya and Morris (1967) is now required for the identification of
the altered membrane protein in these mutants, and this may help
clarify the accompanying increased detergent sensitivity.

Increased deoxycholate sensitivity is only evident in Ref-II
UV® mutants. This characteristic was not evident in UV® Rec™ strains
tested, nor has it been reported in other Uvr and Rec strains, or in
temperature sensitive mutants of DNA synthesis in E.coli. Detergent
sensitivity is therefore unlikely to result from a general disturbance
of DNA metabolism.

(b) UV Sensitivity. To: consider how UV sensitivity could have

arisen in the Ref-II UV® mutants, it is first necessary to discuss

the properties of previously isolated, UV sensitive mutants and to
compare them with UV® strains isolated in this study. Thus UV sensi-
tive mutants which no longer have the ability to repair UV damaged DNA
fall into two broad but distinct categories. These are based upon the

ability of different UV sensitive strains to reactivate irradiated
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phage, or to form recombinants in genetic crosses. A first category
incapable of the reactivation of irradiated phage (Uvr™) in fact

fail to excise pyrimidine dimers froé UV damaged DNA (Howard-Flanders,
Boyce and Theriot, 1966; Howard-Flanders and Boyce, 1966). These
strains are sensitive to even very low doses of UV, yet are not
affected by X-irradiation. The second category includes mutants
deficient in the ability to form viable recombinants in genetic crosses
with male strains. Such Rec mutants are sensitive to both UV and
X-irradiation, yet unlike the Uvr mutants, are generally capable of
host cell reactivation, i.e. they are Uvr' (Howard-Flanders and
Theriot, 1966(a); Clark and Margulies, 1965; Clark, 1967; Van de

Putte, Zwenk and ROrsch, 1966). It has been suggested (Howard-
Flanders and Boyce, 1966) that both Uvr and Rec mutants are deficient
in an enzyme or enzymes concerned with the repair of irradiated DNA.
Subsequently in fact Grossman, Kaplan, Kushner and Mahler (1968) have
found that an endonuclease, producing single-stranded breaks in UV-
irradiated DNA, was lacking in certain UV sensitive mutants of Micro-

vy v . R ++
coccus lysodeikticus. This endonuclease.appears to require Mg ~ ions

for activation, and in this respect is distinct from another endo-

nuclease isolated from M. lysodeikticus by Takagi, Sekiguchi, Okubo,

Nakayama, Shimada, Yasuda, Nishimoto and Yoshihara (1968) which is

also specific for irradiated DNA. Takagi et al however found no
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evidence for any UV sensitive mutant lacking the magnesium independent
enzyme., In Rec  mutants of E.coli, there is as yet no direct corre-
lation between UV sensitivity and enzyme deficiency. However Buttin
and Wright (1968) have shown that a nucleotide triphosphate dependent
DNAase is apparently defective or absent in a RecB mutant, recll.

A further class of UV sensitive mutants, although apparently
able to carry out normal repair of UV-damaged DNA, are unable to
divide after UV irradiation. These Lon  and Fil' mutants are character-
ised by post-irradiation filament formation, interpreted by Walker and
Pardee (1968) as an imbalance between DNA synthesis and either membrane
or cell wall biosynthesis, leading to a failure of normal septum
formation. Septum formation, and hence cell survival, can be increased
by post-irradiation growth on media supplemented with pantoyl lactone.

Thus the UV sensitivity of the Ref-II UV® class of Ref-II
mutants may be envisaged to have occurred either through the loss of,
for example, a repair enzyme. Alternatively, UV sensitivity may have
arisen through alteration of a membrane component either affecting
the control or activity of repair enzymes, if such enzymes are in fact
membrane bound, or , as in Lon mutants, disturbing the cell division
process. Since Ref-I1 uv® mutants, like conventional Rec mutants,
are in fact capable of the reactivation of irradiated phage (Holland,
1967), they appear capable of normal dimer excision. On theother

hand, the delayed expression of UV resistance in +'UVr/fefII we

219



heterogenotes suggests a defect in some structural component, presum-
ably membrane, affecting UV sensitivity. Indeed, the UV sensitivity
of the Ref-II UV° mutants was similar to that reported for Lon
mutants (Donch and Greenberg, 1968), and furthermore one Ref-II ove
mutant out of three tested resembled Lon mutants by its post-irradia-
tion, pantoyl lactone recovery. It may well be that not all Ref-II
UV° mutants can respond to pantoyl lactone, indicative that different
Ref-II UV® mutants are not necessarily sensitive for the same reason.
Nevertheless, Ref-II UV® mutants as discussed elsewhere (Section II),
are quite distinct from Lon mutants.

Although evidence indicates that the UV sensitivity of Ref-II
UV° mutants derives from a defective structural component, this does
not rule out the possibility that defects in other UV°® strains may
also be altered in these mutants. For example, enzymes participating
in the repair and recombination of DNA, and which are specified by the
various Rec and Uvr loci, may normally be attached to the altered
component in Ref-II UV® mutants. Construction of Ref-II UVS,Uvr-
and Ref-IT UV° Rec  double mutants will prove critical in confirmation
of this hypothesis.

(¢) Recombination Deficiency. The recombination deficiency and UV

sensitivity of Ref-II1 UV® mutants may be completely independent defects,
or alternatively be manifestations of the same pleiotropic effect.

Before these possibilities can be discussed, it will be necessary to
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outline the properties of Rec mutants previously isolated, and how
a recombination defieiency may be envisaged to arise.

Now Rec  mutants isolated by workers in other laboratories may
be divided into two groups on the basis of recombination deficiency,
UV sensitivity, inducibility of bacteriophage A, and the DNA breakdown
pattern after UV irradiation. Thus RecA mutants completely fail to
form recombinants, they are very sensitive to UV and phage A cannot
be induced in lysogenic derivatives. When mutants of this group : .-
are irradiated, DNA breakdown is excessive or '"reckless'. 1In
contrast, mutants of the second group, RecB and RecC mutants, display
approximately a hundred to a thousand-fold reduction in recombinant
formation, and are not as sensitive as the RecA mutants to UV. When
irradiated there is less DNA breakdown in RecB and C mutants than in
wild-type controls, i.e. they are said tdAbe "cautious" in this respect,
and prophage A can be induced in lysogenic derivatives of these mutants.
Although possessing similar properties, RecB and C mutants may, how-
ever, be distinguished genetically by transduction and complementation.

Several groups, for example Clark and Margulies (1965), Van de
Putte, Zwenk and RYrsch (1966) and Clark (1967), have postulated that
RecA, B and C classes of mutants are defective in an enzyme or enzymes
which participate in the recombination process. However although an
ATP dependent nuclease appears to be lacking in RecB and C mutants

(Buttin and Wright,1968; Clark, personal communication), the nature

221



of the defective step in recombination in any Rec mutants has not
yet been identified.

Although all Rec mutants that have so far been studied appear
defective in some recombination enzyme, it is likely that recombination
deficiency could arise in several different ways. Thus, for example,
defective pairing of male and female cells, or the "restriction" of
incoming DNA could produce recombination deficiency. Alternatively,
the presence of a defective membrane component could also be envisaged
to prevent the correcf pairing of the female and incoming Hfr chromo-
somes by a variety of mechanisms. For example, current ideas indicate
that in mating single-stranded DNA is transferred from the Hfr cell,
and the complementary strand is rapidly synthesised in the recipient
cell (Ohki and Tomizawa, 1968). Then Rec mutants éould arise if
either the transfer or replication of the incoming, single-stranded
DNA is modified, or chromosomal pairing is prevented. It is easy to
envisage that all these processes may involve a membrane component in
some way.

The recombination defect in the Ref-II UV® mutants could there-
fore have arisen in a number of ways, either involving some recombination
enzyme directly, through failure of cells to pair, or through alteration
of a membrane component. Results in this study indicated that defective
cell pairing and restrictw®ion of incoming DNA appeared not to be the

basis of the recombination deficiency, since lac genes were transferred,
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and continued to be expressed in Ref-II UV® mutants.. It is also
unlikely, for several reasans already discussed, that the defect in

these mutants was similar to the enzyme defects in RecA, B and C
mutants. In particular, Ref-II UV°® mutants, unlike Rec  mutants,

were relatively insensitive to X-irradiation, and were not recombination
deficient in transductional crosses.

The discrepancy between conjugal and Pl-mediated recombination
in the Ref-II UV® mutants is particularly intriguing, and the elucida-
tion of this may contribute to &n understanding of the recombination
deficiency in Rec” mutants If this is in fact a real discrepancy, and
is not the result of, for example, complementatib% by enzymes produced
by superinfecting phage DNA, then two alternative;may be postulated.
For examplé, the recombination of small phage-carried DNA fragments
and the bacterial chromosome on the one hand, and recombination between
larger chromosome pieces on the other, may be different processés. In
this event a mﬁtation in the "chromosome recombinatiqn pathway" may
not necessarily affect the recombination of small fragments of phage
carried DNA with the bacterial chromosome. An altered membrane
component in theRef-II UV°® mutants may, for example, affect chromo-
somal pairing, but not episome transfer or infection, and hence
recombination, by Pl-transducing particles. An alternative, but
relatively trivial explanation, is that zygosis in Ref-II UV® mutants

is lethal. For example, normal mating in Ref-ITI UV° mutants may put
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the cells in some imbalance, from which they cannot recover. 1In

this event, both the recombination deficiency and the UV-sensitivity
could be a manifestation of the same pleiotropic effect, and
recombination proficiency, like the UV sensitivity of at least ASH113,
may prove to be retrieved on the addition of pantoyl-lactone to the
recombination and subsequent selective media. Before these possibilities
may be resolved, it is first essential to determine the degree of the
recombination deficiency in the Ref-II UV® mutants. This can be
achieved by actual measurement of formation of the enzyme ﬁ?galacto—
sidase after crosses between ;33- Ref-II UV® mutants and control lggf
mutants with asuitable lac™ male strain.

(d) Bacteriophage A "resistance!'. Bacteriophage A 'resistance" in

Ref-II UV® mutants might also be the result of an independent mutation.
Thus A "resistance" may be the result of some change in the activity
of a restriction enzyme. This is unlikely, since Hsp- mutants tested
were not refractory to colicin E2, nor did Ref-II mutants fail to
restrict phage A as do "conventional' Hsp mutants. This possibility
is made further unlikely, as in these studies A '"resistance' was found
to be 100% co-transducible with E2 refractivity. Alternatively, A
""resistance" could be a further manifestation of an altered membrane
protein, which directly or indirectly also promotes E2 refractivity,

UV sensitivity, deoxycholate sensitivity, filament formation, and

possibly recombination deficiency. The reduced ability of phageA to
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replicate in Ref-IT UV® mutants may then be analogous to the abortive
replication of ﬁXl?h DNA in Rep- mutants (Denhardt, Dressler and
Hathaway, 1967), or the failure of P2 to lysogenise lyd mutants of
E.coli C (Sironi, 1969). These characteristics havé been ascribed
to an inability of the DNA of the respective phages to bind to altered
membrane components in the mutants.

It is interesting to note that although ASH112 is '"resistant"
to Agv, the induction of A prophage in this strain is normal. This
result suggests some host-controlled difference in the properties of
the DNA of the A genome from different sources. Further investigations,
for example, into the physico-chemical properties of DNA extracted
from A wild type and from A,induced from a Ref-II UV® mutant or other
Rec mutants, may well confirm this observation, and help.characterise
the modification in the A DNA.

All the various pleiotropic characters associated with colicin
E2 refractivity may therefore have arisen directly through changes in
different systems. However it appears more likely that all character-
istic changes in the properties of the Ref-IT UV® mutants derive from
a change in the integrity of, for example, a membrane protein. This
protein, in addition to being specific for the transmission of the
colicin E2 effect, may be concerned directly in the cell division
process, and in the replication and recombination of both phage and

bacterial DNA. Thus different mutations in the refIIB UV® gene could
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provoke different conformational alteratioﬁs in this membrane protein,
giving rise to UV-sensitivity, recombination deficiency, filament
formation and A '"resistance'', as has been outlined, in additiom to
E2-refractivity and DOC sensitivity.

An equally applicable hypothesis is that the refB gene product
could be a structural membrane protein in a functional aggregate of
proteins analogous to the arom cluster of enzymes, controlling steps

two to six in the polyaromatic pathway prior to chorismic acid in

Neurospora crassa (Giles, Case, Partridge and Ahmed, 1967), or the his

enzyme cluster, catalysing the biosynthesis of histidine in yeast
(Fink, 1966). Different mutations in the refB gene could then be en-
visaged to alter the association of different proteins bound to the
refB gene product. If these proteins are in fact themselves variously
concerned with recombination, UV repair, or the cell division process,
then their dissociation or conformational alteration might be reflected
in Jjust the pleiotropic effects that are observed in the Ref-II 1)
mutants. If this model is correct, then it is possible that the
products of some rec and uvr genes specified previously by other workers
may well be affected by the refIIB ov® gene. As indicated above, the
properties of double mutants containing rec or uvr loci and the refIIB
UV°® locus and the study of different UV resistant revertants of Ref-II

uv® mutants, may help resolve these possibilities.
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Since at least two different phenotypes of Ref-II mutants were
found in this study, Ref-II UV" and Ref-II UVS, it is possible that
these have arisen through mutations in different cistrons. There is
no evidence as yet that different cistrons do control E2 sensitivity,
but if so, then they must be adjacent. However the refITB UV® and
£3£IIB el gene products may not be identical. Thus although UV
resistance, and presumably the associated E2 refractivity in Ref-II
ov° mutants, was not expressed until after the renewal of a structural
cell component, Ref-II UV" mutants may produce, for example, a
temperature-sensitive DNAase normally specific to colicin E2. This is
unlikely, since without exception, Ref-II mutants were sensitive to
colicin E2 when tested on minimal agar at both 25 and 40°C. E2
refractivity in Ref-II sl mutants, like Ref-II 1)1 mutants, is more
probably produced from conformational alteration of a membrane
component.

In conclusion, the isolation of mutants refractory to colicin EZ,
but not to colicin E3, clearly indicated the participation of a
cellular component specific to interaction with colicin E2 in sensitive
bacteria. Support that this component is unique to the successful
action of colicin E2 is also derived from the physiological properties
of Ref-II mutants, by which they may readily be distinguished from

other classes of refractory mutants. It may therefore bé implied that
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colicin action does indeed involve a multistep pathway, containing
components specific for the lethal action of different colicins.
Mutants refractory to colicin E2 were frequently characterised
by poor growth rates and cell surface abnormalities. These results
are indicative of the participation of the altered cellular component
in normal cellular metabolism. Moreover, since the primary observable
effects of colicin E2 on sensitive cells are in fact DNA degradation and
inhibition of cell division, the disturbed DNA metabolism and cell
division abnormalities of at least some Ref-II mitants indicate an
alteration late in the multistep pathway of colicin E2 action in these
mutantse.
Results in this study also indicate that UV sensitivity, and
probably also E2 refractivity, in Ref-II uve mutants, is more likely
to have arisen from alteration in a membrane, or membrane bound,
component, than from, for example, loss of a soluble exonuclease.
Indeed, the variety of pleiotropic characters displayed by Ref-II
UV° mutants is compatible with the theory that at least the refIIB
i gene product is a membrane protein. The association of E2-refract-
ivity with a variety of functions concerned with DNA metabolism and
cell division further suggests that the altered membrane protein in
Ref-II UV° mutants may well be one of an aggregate of proteins, possibly
including the DNA attachment site (Tremblay, Daniels and Schaechter,
‘1969) concerned specifically with chromosomal metabolism and cell

division.
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Mutants (phenotypic symbol Ref-II) refractory to colicin E2 have been isolated
in several strains of Escherichia coli K-12, and a ref1I locus has been mapped 1 to
2 min counter clockwise to rAr. A small number of Ref-II mutants are also ultra-
violet (UV)-sensitive and the uv® locus in one such strain has been mapped close
to the refIl locus near thr. The Ref-Il mutation alone does not affect recombinant
formation in F- strains, but the Ref-II, UV* strains behave in many respects like
Rec~ mutants, giving reduced recombination frequencies in crosses with male
strains. It is suggested that the refiI and wv® loci correspond to closely linked if not
identical genes, concerned in some way in the activity of one or more deoxyribo-
nucleases, and that the Ref-II, UV* mutants arise as the pleiotropic expression of”
a single gene or of a deletion or polar mutation affecting linked genes.

The adsorption of colicin to specific receptors
in the cell surface of sensitive bacteria is followed
by characteristic intracellular changes and ul-
timately by cell death (18). The colicin molecules
which apparently fail to act in cell-free systems
(11, 17) seemingly promote their specific effects
in vivo from the extracellular attachment site.
Although colicin receptors probably reside in the
bacterial cell wall (3, 4), the attached colicin, in
order to act, must presumably interact in some
specific way with the cytoplasmic membrane of
the affected cell. Nevertheless, gross physical
changes in the properties of the cell membrane
do not accompany colicin action (14, 16). The
presence of colicin at the cell surface therefore
introduces some subtle change in the cell mem-
brane, triggering a series of events eventually
leading to a specific and lethal intracellular
change. This series of steps may be envisaged
as the “colicin pathway’ connecting the extra-
cellular colicin to its intraceliular target, fix-
ation to the colicin receptor being the first
step in this process. In the case of colicins E2
and E3, this and possibly some subsequent steps
in the pathway are shared (6), although ultimately
two quite distinct targets are affected. Thus,
colicin E2 induces deoxyribonucleic acid (DNA)
degradation, whereas E3 induces a specific
inhibition of protein synthesis (16).

Resistant mutants lacking the colicin E receptor
have been isolated, and a genetic locus controlling

in some way receptor formation has been mapped
between mer and thi (10). Mutants resistant to
colicin E, which nevertheless still retain the colicin
E receptor, have also been isolated. Such mutants
which are presumably blocked at some post-
fixation point in the ‘“‘colicin pathway” are des-
ignated refractory to colicin E (6). Mutants
refractive (or tolerant) to colicin E have been
isolated by several workers (2, 6, 15, 19, 20)
and fall into two main groups. The major group
includes multirefractory mutants, retfractory to
colicin E2 and E3 or to colicin El, E2, and E3.
Several classes of this type of mutant, which
are often also refractory to other unrelated
colicins, have been mapped at one, of at least
three distinct sites closely linked to gal. The
second group of refractory mutants includes
strains refractory to only a single colicin. Two
such classes are known: El-refractory mutants,
first isolated by Clowes and Moody (2) and des-
ignated by us Ref-I mutarits, and E2 refractory
mutants (Ref-Il) (6). All Ref-I strains appear to
map at a single locus linked to thy (6), whereas
(as described in this paper) refractivity of the
Ref-II type is probably controlled by a single
locus closely linked to tAr.

Ref-Il mutants are conditional mutants re-
fractory to colicin E2 at low temperature but
largely sensitive at high temperature. Detailed

. properties of these mutants, in which DNA
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breakdown, following E2 adsorption, takes place
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at 40 C but not at 30 C, have been described
elsewhere (8). A small number of Ref-II mutants,
in addition to E2 refractivity, also show an in-
creased sensitivity to ultraviolet (UV)-irradia-
tion, although this effect is not temperature-
dependent (7). The genetic properties and the
location of the UV sensitivity locus of one such
strain are also described in this paper.

MATERIALS AND METHODS

Organisms. The following E2-sensitive strains were
used in this study: Escherichia coli HftH (T1* stre X7);
HfrR4 (Col-I* strs mer~) and F-, strain 203 (thi- met~
arg™ thr™ leu= gal~ trp~ his~ strr) (6); ASHI10 (F-,
thi- met~ thy™ lac™ leu~ strr) and ASH1 (Hfr, thi- met~
thy= leu strr) (7). The source of colicin E2 in these
studies was Salmonella typhimurium LT2, 906 carry-
ing the E2 (P9) factor, and the culture conditions, pro-
duction, and assay of colicin were all as reported
previously (6). The origins of the Hfr strains used
are shown in Fig. 1.

Mating conditions. Linkage analysis and selection
for different recomoinant classes was carried out as
described previously (6). In interrupted mating ex-
periments, male and female strains were first
grown in nutrient broth (NB) to 5§ X 107 cells/ml
and 5 X 10% cells/ml, respectively; equal volumes
were mixed and incubated at 37 C with gentle shaking
for 5 min. The culture was then diluted 10-fold in
NB to reduce further pairing; 0.5-ml samples were
removed at intervals, diluted 10-fold in ice-cold buf-
fer, and blended for 1 min with a flask shaker (B.T.L.
Laboratory Centre, Birmingham, England) before
plating for recombinants. For the direct selection of
E2-refractive recombinants, samples from the mating
mixture were blended in ice-cold NB plus strepto-

ColE" -
g8F23

ref [ uw®

FiG. 1. Linkage map of E. coli K-12 showing the
origin of the Hfr strains used and the location of
colicin E-refractory loci.
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mycin; these samples were then incubated at 37 C
for 90 min without shaking, to allow expression of
E2 refractivity before plating on NB plates plus 10
units of colicin E2. Plates were incubated at 25 C,
and the E2-refractive colonies were then replica-
plated to plates containing colicin E2 and colicin E3
at 25 and 40 C to confirm the Ref-II phenotype. For
the direct selection of UV-resistant recombinants,
blended samples were also allowed 90 min of expres-
sion time before plating, in this case at 37 C, on PEP
plates [19, peptone (Oxoid), 0.1¢, Beef Extract
(Difco), 19, sodium chloride] . plus streptomycin.
The plates were then irradiated with a UV dose of 260
ergs with a low-pressure mercury lamp (Hanovia
Ltd) set at 46 cm. The presence of streptomycin in
samples during incubation for expression of the UVr
and E2-refractivity markers prevented further growth
and initiation of transfer by the strs male strain. For
the selection of TI1r recombinants, samples were
plated (after blending) directly onto NB plates pre-
viously spread with 107 T1 phage particles.

RESULTS

Isolation of mutants refractory to colicin E2.
Ref-IT mutants refractory to E2 at 30 C but sen-
sitive at 40 C were readily isolated from strain
ASHI10 (6). However, Ref-II mutants were not
previously obtainable from other strains. In the
present work, further attempts were made to
isolate Ref-II mutants in additional strains, and
it was observed that, if selection for, and sen-
sitivity tests with, E2 refractory mutants were
carried out at 25 C rather than 30 C, such mu-
tants did appear in several strains (Table 1).
The frequency of Ref-II mutants was, however,
usually lower than with ASH10, and some strains
still failed to produce any such mutants.

Linkage analysis of the Ref-II mutation. Several
independently isolated Ref-II mutants of strain
ASHI10 were crossed with an HfrH male strain.
Selection was made for leu, T1*, and lac recom-
binants and, in each case, the recombinants were
replica-plated to colicin E2 and E3 lawns at 25
and 40 C to determine the proportion that were
still resistant to E2 at 25 C. The distribution of
the E2-sensitivity marker among selected markers
in a typical cross is shown in Table 2. The results
indicated that the refII locus was linked to leu;
this was confirmed in crosses where selection
was made for recombinants for the distal marker,
lac. In all, 26 Ref-II, F~ strains were crossed
with the HfrH strain, and the proportion of the
unselected markers, /eu T1* and E2-sensitivity,
among lac recombinants was determined by
replica plating. The results (Table 2) clearly in-
dicated the presence of a single refII locus closely
linked with and to the left of the /e locus (Fig. 1):

Mapping of the refIl locus by interrupted
mating. Confirmation of the position of the
refIl locus was also sought from interrupted
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mating experiments. Mutants refractory to colicin
E2 (Ref-II) were isolated in an HfrH strain
(ASH54) and in HfrR4 (ASHS55). The E2-
refractory mutants were crossed with the F~,
colicin E-sensitive strain 203, and the time of
entry of the refII locus was determined as de-
scribed above. As anticipated, colicin E2 refrac-
tivity enters close to the tAr and leu loci (Fig. 2).
The results with both male strains indicated a
map position 1 to 2 min counterclockwise to the
thr locus (see Fig. 1). The different scales used in
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Fig. 2 should be noted; in several experiments
using ASH54, reduced numbers of Ref-II recom-
binants relative to other classes were obtained.
Low (13) reported such an effect previously for
markers very near the origin of the transferred
chromosome.

Mapping studies with a UV-sensitive Ref-II
mutant. It was reported previously (7) that, out
of 20 Ref-II mutants examined, three strains
were found to be UV-sensitive in addition to
being refractive to colicin E2. Attempts were

TABLE 1. Characteristics of some E. coli K-12 Ref-1I mutants

Re- Other markers
Strain no. Origin Sex | sponse
to UV met | thi | arg | thy | his | try | gal | lac | lew | thr | T1 | str A
ASH50 AP* mutation
from ASH10 | F- R - - |+l =-]+|+|4+]|=-|=-1!4+1S|R |+
ASHS51 AP mutation
from ASH10 | F- R - -4+ =-14+1+|+|=-1—-{+|S|R |+
ASHS52 AP mutation
: from ASHI0 | F~ R - =4+ !/=-1+/+!+]|=-1=-/4+1S|R |+
ASHS53 AP mutation
from ASH10 | F- R - |-+ |-+ |+ |+ -] —-1+]|S|R |+
ASH54 AP mutation
from HfrH Hfrf | R |+ |+ |+ |+ |+ |+ |+ |+|+ |+  R|S |—
ASHS55 AP mutation
fromHffR4 | Hfr | R | — |+ |+ |+ |+ 1+ |+ |+ |+ |+ S|S |+
ASH57 AP mutation
from 203 F- R |—-|—-|-|4+|—-1—=-|—-|—-|=-1—|8 R |+
ASH101 | AP mutation
from ASH1 Hfr f R |- |- |+ |- |+ |+ |+ |+|—-|+]|S|R|—
ASH102 | AP mutation
from ASH1 Hfr | R -l =]+ -1+|4+|+|+|=-]4+|S|R |-
ASH112 | AP mutation
from ASHI10 | F~ S -|=-t+|-|+|-|+|=-|—-|+|S|R |+
ASHI113 | AP mutation . .
from ASH10 | F- S - |-+ =|+|+{+|—-|=-|+|S|R|+

e 2-Amino purine.

TABLE 2. Linkage analysis of Ref-I1I mutants®

Recombinants unsl::iggtonal;iu;l;:gers
Ref-I1 mu(tﬁx)lts tested E28 |Type strains tested (24) ?:;Tl‘?:rd tg‘t)é d
Selected Input No. Ti1F lew | pos
marker male tested str® str®

% % % % | %

(e.g., ASH50) leu strr 2.7 199 | 72 (e.g., ASHS2) lac strr 333 8 |79 |54
TIr strr 1.2 9% | 56
lac strr 0.8 228 | 34

(e.g., ASHS51) leu strr 2.0 200 | 74| (e.g., ASHS3) lac strr 224 83 |72 |56
Tl stre 1.2 124 | 49
lac strr 0.9 98 | 33

e An HfrH strain (E2® Tl A~ stre) was crossed with several Ref-II derivatives of the F~ strain ASH10
(met= thi— lew lac™ thy~ \* Col-I* strt), Exponential cultures (10® cells/ml) of each strain were mixed;
after 90 minat 37 C, selection was made for various recombinant classes; subsequently, the proportion of
the unselected markers, including E2 sensitivity, was determined by replica-plating.
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therefore made to map the UV-sensitivity locus
in one such Ref-II mutant, ASH112. Interrupted
mating experiments were carried out with this
strain in crosses with two UV-resistant E2-sen-
sitive male strains, HfrH and HfrR4. The time
of entry of UV resistance was determined in each
case, and the results showed (Fig. 3) that this
UV-sensitivity locus is also located close to the
thr marker. When the UV-resistant recombinants
were replica-plated to NB plates containing
colicin E2, all colonies appeared to be E2-sensi-
tive. In strain ASH112, therefore, the UV-
sensitivity locus and the refII locus are extremely
closely linked.

The rec— character of Ref-II, UV* mutants.
Previous studies (7) indicated that the UV
sensitivity of the Ref-II, UV® mutants was of the
Rec type. The recombination frequencies ob-
tained with ASH112 and another UV® Ref-II
mutant, ASH113, in crosses with an HfrH strain
were therefore determined (Table 3). Although
the UV marker was transferred early in these
crosses, markedly reduced recombination fre-
quencies were obtained. Significantly different
recbmbination-deficiency indices were obtained
with the two mutants; the possible significance
of this will be discussed.

Effect of the Ref-II mutation upon genetic
recombination. Since the majority of Ref-II
mutants, unlike ASH112, are not UV-sensitive,
it was not anticipated that mutations at the
refI1 locus would affect recombination fre-
quencies. As indicated in Table 2, this expecta-
tion was fulfilled; F~ strains carrying the Ref-II
mutation all gave normal recombination fre-
quencies. Moreover, when crosses were carried
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FI1G. 2. Time of entry of the colicin E2-refractory
locus. (a) ASH54 (HfrH) crossed with E2-sensitive
F~ strain 203; (b) ASH55 (HfrR4) crossed with
E2-sensitive 203.
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F1G. 3. Time of entry of the UV* marker if}“-?lSHIIZ.
(a) HfrH crossed with ASHI112; (b) HfrR4 crossed
with ASH112.

out at 25 C (where E2 refractivity is maximally
expressed), similar results were obtained.

Aberrant recombination frequencies were, how-
ever, sometimes obtained with Ref-II derivatives
of ASHI, a male strain transferring the refIl
locus as a tail marker (see Fig. 1). Table.4 shows
a comparison of the results of crosses of a Ref-IT
derivative of HfrH (ASH54) and two Ref-II
male strains (ASH101 and ASH102) derived from
ASH1. The number of recombinants obtained in
each case is presented as a percentage of that
obtained in crosses with the corresponding
E2-sensitive (reft) males. Somewhat variable
results were obtained with ASH101, the frequency
of recombinants sometimes approaching that of
the wild type, but ASH102 always gave the same
low yield. The possibility was tested that the
reduction in recombination frequency was due
to, e.g., restriction of “Ref-Il DNA” in the
ref* recipient. ASH102 was therefore crossed
with a Ref-II derivative (ASH57) of the F—
strain 203. The results (Table 4) showed that,
although both male and female strains carried a
Ref-IT mutation, the same marked reduction in
recombinant formation occurred.

DISCUSSION

Mutation to E2 refractivity may be envisaged -
as a change in one of two main types of system.
The Ref-IT mutants at low temperature may fail
to (i) transmit the effect of the adsorbed colicin
through the cytoplasmic membrane, (ii) initiate
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TABLE 3. Reduced recombination frequencies with F~ strains carrying Ref-1I UV® mutations*

Recombinants as percentage of input male Recombination-
Donor Recipient deﬁcier}cy ir;dex
lew str™ l TIT str™ lac str® (CASLA
HfrH ASHI10 (UV)r 2.2 s 1.9 0.7
HfrH ASH113 (UVe) 0.005 0.002 4.5 X 102
HfrH ASHI112 (UVs) 0.33 l 0.17 0.09 7

@ Mating conditions were as described in Table 2. The recombination deficiency index (1) was deter-
mined from the frequency of /eu str recombinants in each cross.

TABLE 4. Recombination frequencies obtained with male (Ref-II) strains®

Recombinants as percentage of that obtained with wild-type (ref*) males
Donor Recipient
leu strT lac strt gal sirt try strt ‘ his strT
HfrH (Ref-II) 203 (ref*) 100 100 100
ASHI101 (Ref-II) 203 (ref™) 5 8 13
ASH102 (Ref-11) 203 (ref*) 4 4 2
ASH102 (Ref-II) ASHS57 (Ref-II) 4 4 2

o Crosses carried out at 37 C as described in Table 2.

nuclease attack. Some specific change in the cell
membrane could account for the former pos-
sibility, whereas, lack of a deoxyribonuclease,
inhibition of its activity, or possibly even modifica-
tion of its substrate DNA could account for the
latter. Previous reports (6, 19) indicated that some
early steps in the colicin E pathway were in fact
common to both E2 and E3. Moreover, it has
also been shown (5a) that the two colicins prob-
ably contain regions of similar structure. The
specific refractivity of Ref-II mutants to E2,
therefore, suggests that these mutants are blocked
in some distal step in the pathway, e.g., perhaps
some step affecting a deoxyribonuclease. This
hypothesis gained some support from the finding
(7) that several Ref-II mutants also showed an
increased sensitivity to UV irradiation, a situa-
tion that has been presumed to arise after the
loss of, or a chiange in, the activity of deoxyribo-
nucleases or other repair enzymes (9). Genetic
analysis of Ref-II mutants has now provided
further indications that the refIl gene product
may in some way be concerned with the activity
of a deoxyribonuclease.

The mapping studies in this work were greatly
facilitated by the proximal position of the refIl
locus on the HfrH chromosome. This has allowed
a fairly precise position, 1 to 2 min counter-
clockwise to rhr, to be assigned to it. The position
of the UV-sensitivity locus in the Ref-II mutant
ASH112 was found to be extremely closely linked
to the ref1I locus. This finding, together with the
high incidence of mutants like ASH112 among

Ref-II strains, makes it improbable that E2
refractivity and UV sensitivity arose in these
strains by two independent mutations. It appears
more likely that the concommitant UV sensitivity
of certain Ref-II mutants may be explained as the
pleiotropic effects of a single gene or a polar
mutation or deletion affecting closely linked
genes. Fine-structure genetic analysis with bac-
. teriophage P1 and reversion studies with the
UV-sensitive Ref-II mutants should provide the
answer to these alternatives.

Previous physiological studies (7) showed that
the UV-sensitive Ref-II mutants resembled in
several respects Rec™ rather than UVRT mu-

. tants. Furthermore, it was observed in the present
experiments that reduced recombination fre-
quencies were obtained with ASH112 and ASH113
as recipients in crosses with male strains. More-
over, experiments (unpublished) have shown
that the entry of the B-galactosidase gene,
whether present on the chromosome or on a
sex factor, from male donors is normal in these
mutants. Such strains appear, therefore, to
fulfill all the requirements of Rec mutants,
and selection for E2 refractivity could be a con-
vient method of isolating this particular group
of rec— mutants. The two strains ASH112 and
ASH113 were significantly different in their
capacity for recombinant formation. Clark (1)
has observed that strains with low-deficiency
indices show “cautious” UV-induced DNA
breakdown, whereas those mutants with high-
defiviency indices show ‘‘reckless”’ breakdown.
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Preliminary results (unpublished) ‘indicate that
both ASH112 and ASH113 are rather cautious
in this respect, and alternative reasons for their
markedly different deficiency indices must be
sought.

The Ref-II mutation itself was found to have
no effect upon recombination frequencies when
present in the F~ and when crosses were carried
out at 37 C or at 25 C, the latter temperature
being that at which E2 refractivity is maximally
expressed. In contrast, markedly reduced re-
combination frequencies were sometimes obtained
in crosses in which the refIl locus was present
in the male strain. This effect has been observed
only with Ref-II derivatives of ASH1, a male
strain carrying the refIl gene as a tail marker.
The phenomenon is not due to an incompatibility
between male and female DNA, comparable
for example to that observed in interspecies
restriction, since, if both male and female strains
carry the refll gene, reduced recombination fre-
quencies are still observed. Experiments are
now in progress to determine whether this effect
is found with other male strains, especially those
carrying a distal refII locus, and also to identify
the defective step in the conjugation process in
these mutants.

The function of the refII gene product in E2
action is still unclear, although it seems probable
that it is associated with some late step in the
pathway and possibly with the activity of a
deoxyribonuclease. It seems unlikely, however,
that the refIl gene determines the synthesis
of a specific deoxyribonuclease. An alternative
hypothesis that is now being considered is
that the ref [1 gene determines the formation of a
component of the cell membrane which may bind,
and hence regulate, the activity of one or more
deoxyribonucleases. In this connection, the map
position of the ref1I locus and the closely linked
wvs locus is particularly intriguing. Previous
workers reported the location of rec™ (21) and
r~m~ (restriction-modification; 12, 22), genes in
this relatively small region of the chromosome
delineated by the origin of HfrH and rAr. It is
tempting to think that all these genes may con-
stitute one or more operons concerned with the
formation and regulation of various deoxyribo-
nucleases and repair enzymes. Further studies
will be directed toward determining the relation-
ship of all these genes to each other.
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SUMMARY

In recent years a significanﬁ amount‘of bioloéical research
has been focussed on the cytoplasmib membrane of the cell. This
has emerged as a complex structufe, pafticipating in cell biosyn-
thetic activities in addition to osmoregulation. However the
functional organisation of the membrane is little understood, and
in this may lie the key to several biological problems. An approach
to the studyiof the coordination of biosynthetic processes by the
cell membrane may be through the use of agents interacting specifically
with the membrane. One such class of compounds may well be the
natural protein antibiotics, colicins.

Colicins may be distinguished from conventional antibiotics by
their unique mode of action with sensitive cells, whereby lethality
is promoted from specific fixation sites in the bacterial cell wall.
The colicin molecule neither penetrates the cell surface layer, nor
causes gross cell membrane damage, and it has been postulated that
interaction of the colicin protein with proteins of the cell membrane
lead eventually to cell death.

The studies described in this Thesis have been concerned in
particular with the interaction of colicin E2, one of the E-group of
colicins, with the bacterial cell, and the mode of action of this
colicin. Colicin E2 is characterised by the induction of a rapid
degradation of cellular DNA, and the inhibition of cell division in

sensitive bacteria. It was hoped that the genetical and physiological
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characterisation of bacterial mutants Specifiqally refractive to
colicin E2 would indicate the nature of the altered component,
normally participating in the transmission of the effect of the
_extracellular colicin to the intracellﬁlar DNA, and/or the cell
division machinery.

‘Mutants refréctive to colicin E2, designated Ref-II, were
therefore isolated from a number of strains of E.coli K12. These
mutants were systematically examined, and it was found that although
the majority were relatively insensitive to UV irradiation, approxi-
mately 33% did display significantly incréased sensitivity. Further-
more, these Ref-II UV® strains were sensitive to the detergent, Sodium
Deoxycholate, and grew slowly in complex medium, properties indicative
in the first instance of an altered membrane component in this class
of mutant, and in the second, of a normal role of the component in
some aspect of cellular metabolism. These Ref-II UV® mutants could
also be distinguished from Ref~II UV' mutants by possession of various
- other pleiotropic characters. For example,the majority of Ref-II w°
mutants were defective in recomBination, some were "resistant" to
bacteriophage lambda, one grew in long filaments, and one produced
excessive polysaccharide particularly when cultured on minimal agar,
properties which may all be related to defective DNA metabolism in the
mutants.

Genetic analysis revealed that pleiotropic characteristics shown

by the Ref-II UV°® mutants were 100% co-transducible with the refII
2



locus. Mofeover, if two or more cistrons were present, mutations in
these producing either Ref-II or Ref-II UV® mutants respectively,

they must be adjacent on the chromosome. The refII locus was mapped
and found to be co-transducible with serB, and to lie within four
genes of the hsp locus on the bacterial chromosome. Reversion studies
confirmed that the complex pleiotropy displayed by Ref-II UV°® mutants
did in fact arise from mutation in a single gene, and not from a
series of closely linked, multisite mutations arising from the action
of the mutagen employed. Moreover, the site of the reversion mutafion
proved to be at the refII locus, and not at a second locus,mapped and
found to be closely linked to thr, potentiating the expreséion of
colicin E2-refractivity.

Different hypotheses may account for the occurrence of each
individual pleiotropic character of the Ref-II UV® mutants. However,
collectively, it becomes apparent that the.altered component in this
class of mutants normally participates in DNA metabolism in the cell,
and either (a) the enzymes participating in the repair and recombination
éf bacterial DNA, and possibly even the DNA molecule itself, may be
bound to the altered component; or (b) the altered component may be
one of an aggregate of proteins concerned specifically with chromosomal
metabolism. Direct evidence that the altered component, at least in
Ref-II UV® mutants, is in fact structural, and presumably membrane, is

received from the delayed expression of UV resistance after the receipt
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of the UV® gene in Ref-IT UVr/UVs heterogenotes. Future experiments
involving the isolation and comparison of membrane fractions from

mutant and non-mutant strains will now be critical in the confirmation

of this hypothesis.




