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ABSTRACT

Forty-one temperature sensitive mutants selected on nutrient
agar were able to grow at the non-permissive temperature when the
osmotic concentration of the medium was increased. These mutants were
classified according to (a) growth patterns at 42C on various complex
media, and (b) differential sensitivity to three antibiotics. Three
salts and three carbohydrates were tested as osmotically active agents
for their ability to relieve the temperature sensitivity; the salts
were much more effective than the carbohydrates. Osmolality profiles
at 42C with NaCl showed that three mutants would not grow at either
extreme of osmolality while one was inhibited at low osmolalities only.
Cells shifted to 42C after growth at 30C in a medium of low osmolality
elongated without dividing, yet retained the ability to divide at 30C.
It is suggested that the cell membrane is defective, affecting perme-
ability at both temperatures and cell division at.the non~-permissive
temperature. A higher osmotic environment appears to stabilize the

defect, allowing growth at the non-permissive temperature.

iii



RESUME

Quarante o+ un mutants sensibles & la teumpérature,
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notique st augueniée. Ces mutants ont été classés suivant:
(a) leurs possibilités de croissance 3 42C dans divers milieux

rlus ou moins complexes, et (b) leurs sensibilités 3 trois an-

tibiotigques différents. On a également testd trois sels et
trols carbohydrates capables de suppr r la sensibilité A 1a
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osmolalités. Les cellules incudées A& 30C dans un milisu &
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lules sont capables de se diviser A nouveau. On nenss que la

verméabilité est modi-
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membrane cellulaire est défectususe, sa

fiée par la tempdrature, et la division cellulaire seulenment 3
la température qul ne permet pas la croissance. Un environnement

osmotique é¢levé semble faire disparaltre la défectuosit?, ce gui

pernet la croissance 3 la tempdrature non-p raissive.



TABLE OF CONTENTS

page

Acknowledgments ii

Abstract iii

Résumé iv

INTRODUCTION 1

(a) Protein Synthesis 3

(b) The Cell Envelope 5

(c) DNA Synthesis 9

Suppression ‘ 13

STATEMENT OF PROBLEM 17

MATERIALS AND METHODS 18

RESULTS 2,
CLASSIFICATION

(a) Osmotic Effects : 24

(v) Antibiotic Sensitivity 29

OSMOLALITY PROFILES 31

SHIFT EXPERIMENTS 39

DISCUSSION 4 56

REFERENCES 66



Forgive, O Lord, my little jokes on thee,

And I'll forgive thy great big one on me.

Robert Frost



INTRODUCTION

Temperature sensitivity in microorganisms has been a useful
genstic tool for at least twenty-five years. Its discovery, however,
was accidental. In 1946, Mitchell and Houlahan were studying adenine

auxotrophs of Neurospora crassa and found, surprisingly, that three

of them were temperature dependent. These three mutants were not able
to synthesizs adenine at temperatures above 33C, although they could
at temperatures from 10C to 26C. In 1950, Horéwitz sumarized what was
then known about "temperature mutants" of Neurospora, some of which
were sensitive to higher temperatures, others to lower temperatures.
Many of these were nutritional auxotrophs at the non-permissive tem-
perature. At this time there was still much discussion about Beadle
and Tatum?s 'one gene-one ehzyme" hypothesis and the results from
studies on temperature mutants such as these were used to sﬁpport the
theory. For example, Horowitz and Leupold (1951) were the first to
isolate temperature sensitive (ts) mutants of E. coli K12, They found
that almost 75% of their 161 ts mutants were able to grow at 40C on
minimal medium supplemented with various amino acids or vitamins, i.e.

they were defective in one step of a particular biochemical pathway.
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The other 25% were defective in tindispensable functions®, i.e. the
mutation could not be overcome by simply adding one amino acid or
vitamin to the medium. |

To explain a mutation to temperature sensitivity, several
possibilities were proposed. The first was that the mutant produced
an enzyme that was more heat labile than that of the wild-type. The
second was that the gene itself was non-functional at the higher
temperature. The third, and least likely, was that an inhibitor was
produced at the higher temperature. All three possibilities assumed
that the mutation to temperature sensitivity resided in one gene that
controlled one enzyme. The presence of a heat labile enzyme was the
first possibility to be explored. McElroy and Mitchell (1946) looked
for a ts adenosine deaminase in one of the ts adenine auxotrophs of
Neurospora previously mentioned. They did not find it. It is possible
that they were studying the wrong enzyme. On the other hand, Maas and
Davis (1952) reported a definitely heat labile pantothenate-synthesi-
zing enzyme from a ts mutant of E. coli that required pantothenate at
temperatures above 30C. Their enzyme preparation was relatively pure
and they found that sucrose and KCl had a protective effect. They
concluded that the defect was in the enzyme molecule itself and ruled
out the possibility of an inhibitor. The use of temperature sensitive
mutants to study various functions of the cell was thus launched.

Since then, a large body of literature has accumulated on
ts mutants. They have been produced in bacteriophages (Streisinger
et al. 1961; Edgar and Epstein 1965; Delganc and Sinsheimer 1968) and

even in mouse l-cells (Thompson et al. 1970). A cold sensitive mutant
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of Drosophila has also been reported (Suzuki 1970). However the fol-
lowing discussion will be confined to bacteria and yeasts. An attempt
will be made to discuss température sensitivity as it affects the fol-
lowing vital functions of the cell: (a) protein synthesis; (b) the
structure of the cell envelope; and (c) DNA synthesis. I will then
discuss suppression that either causes or relieves temperature sen-

sitivity.

(a) Protein Synthesis

The mechanism of protein synthesis is now well understood,
particularly in E. coli, and will not be discussed here. Mutants tem-
perature sensitive for protein synthesis have been isolated (Kohiyama
et al. 1966; Boyd et al. 1968; Russell and Pittard 1971a). In some
cases a particular enzyme has been found to be defective; in others,

no simple explanation can be found.

The most common defect in temperature sensitive protein syn-
thesis mutants appears to be the presence of ts tRNA synthetases. Bdck
(1968) reported ts phenylalanyl tRNA synthetases in E. coli which had
weakened subunit interactions. This would cause thermolability and
would stop protein synthesis at the non—pérmissive temperature. Low
et al. (1971) reported two ts mutants of E. coli, one with an altered
leucyl-tRNA synthetase, the other with an altered seryl~tRNA syﬁthe»

tase. In both cases the mutant enzymes were thermolabile. Yaniv (1968)



found altered valyl-tRNA synthetases in a %s mutant of E. coli.
Recently, Atherly and Suchanek (1971) found that the temperature
sensitivity of their protein synthesis mutants of E. coli Ki2 was
caused by inactivation of phenylalanyl-tRNA synthetase.

A ts tRNA synthetase can also exhibit faulty charging ac-
tivity causing mistranslation; Steinberg and Anagnostopoulos (1971)
found a ts tryptophanyl-tRNA synthetase in a ts mutant of B. subtilis.
They concluded that at least part of the defect was in the amino acid
recognition step..Russell and Pittard (1971a) found several ts syn-
thetases that were altered in both the amino acid activation and the
tRNA-charging steps. A similar defect was found in a ts mutant of

Neurospora crassa where an altered leucyl-tRNA synthetase caused mis~

translation (Printz and Gross 1967).

However, not all ts protein synthesis mutants can be ex-
plained this way. One alternative is a ts enzyme affecting one spe-
cific pathway, such as the thermolabile homoserine transsuccinylase
found by Ron and Davis (1971) in E. coli. Another interesting possi-
bility is that reported by Khesin et al. (1968). They found low levels
of RNA polymerase in a mutant oflﬁ. coli ts for protein synthesis.
More interesting still are the reports of temperature sensitive regu-
lation. McFall and Heincz (1970) found a mutant of E. coli K12 with
thermosensitive regulation of D-serine deaminase synthesis.-They con~
cluded that this synthesis was under negative control and that their
mutant possessed a thermolabile repressor. Irr and Englesberg (1971)
reported ts regulatory mutants for the L-arabinose operon in E. coli
B/r. They concluded that both repressor and activator activities were

&
thermolabile.



Another possibility, and apparently the most difficult to
determine, is a defect in the ribosomes. Kang (1970) found a ts strep-
tomycin protein in E. coli which stopped protein synthesis at the
higher temperature. Kanamitsu et al. (1970) reported a ts mutant of
B. subtilis that appeared to have temperature sensitive ribosomes.
When treated with heat, the ribosomes of the mutant dissociated to a
greater extent than did those of the pafent. They could not say, how-
ever, whether the defect was in the RNA or in one of the ribosomal
proteins,

All these mutants produce temperature sensitive proteins;

the differences are the levels at which they affect the cell.

{(b) The Cell Envelope

The cell wall gives shape and rigidity to the bacterial cell.
In gram positive organisms, the wall is made up of a thick peptidogly-
can layer. In gram negative organisms, the peptidoglycan or wall layer
is relatively thin with a complex outer layer of lipopolysaccharide
and protein attached to it. It is this outer layer that is largely
responsible for the staining differences. In gram negative bacteria,
the cell wall layer together with the outer LPS layer is often referred
to as the "cell envelope!,

The follog?ng is a model of part of the cell envelope of
E. coli (adapted froﬁﬁ@ePetris 1967). 'Peptidoglycan® refers to a

structural unit made up of two sugar derivatives, N-acetylglucosamine
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and N-acetylmuramic acid, and a small group of amino acids: D-alanine,
L-alanine, D-glutamic acid and either lysine or diaminopimelic acid.
Repeating units of peptidoglycan are cross-linked to form a three-di-
mensional cell wall. According to Forsbefg et al. (1970), the lipo-
polysaccharide membrane is a double-track layer, the outer track be-
ing lipoprotein and the inner track being lipopolysaccharide.

The cell periphery is not only structurally but also func-
tionally complex. Several enzymes are thought to be localized near
the surface of the cell in the "periplasmic space™ (Brockman and
Heppel 1968). The cell membrane is the site of several transport sys-
tems, for both cations and small molecules (Fox and Kennedy 1965;
Rogers 1968; Bhattacharyya 1970). These functions allow the bacteria
to adapt to changes in their environment. Obviously a defect any-

where in this complex structure would have severe consequences for

the cell,

Mutants with envelope defects have indeed been isolated.
A mutant of the envA gene in E, coli K12 showed increased uptake of
gentian violet and increased sensitivity to lysozyme (Normark and

Westling 1971). This mutant also had less phosphatidylglycerol in



the cell envelope than did the parent. There appeared to be some kind
of coupling between protein and lipid synthesis, similar to the cou-
pling between RNA and protein synthesis. Obviously an alteration in
the lipid content of the cell envelope could cause increased penetra-
bility, primarily due to its function as a nonspecific permeability
barrier (Buller and Dobbs 1971).

Recently, Holland et al. (1970) described mutants of E. coli
K12 with a membrane defect. A mutation in the cet gene caused some of
the mutants to become insensitive to colicin E2, to show reduced rep-
lication of phage lambda and to have defective division. They suggest-
ed an alteration in the specific membrane component for the site of
binding of colicin EZ‘ They also implicated this site in cell division.
This is logical, since it is now accepted that there is a site on the
cell membrane where DNA replication takes place (Jacob et al. 1966).
Similarly, the product of the tolC locus in E. coli K12 appears to be
involved in membrane structure and function (Whitney 1971). & mutation
in this gene confers tolerance to colicin El only, the mutant cells
retaining sensitivity to the other three colicins. Mutations in this
gene cause pleiotropic effects similar to those caﬁsed by the cet gene.

A mutaztion in the env gene alters the cell envelope, with
concomitant changes in nucleic acid synthesis; a mutation in the get
or tol genes alters membrane structure, causing altered permeability
and/or defective division. These defects emphasize the importance 6f
envelope and membrane structure, since one such mutation always affects

other vital functions of the cell.



Mutants with temperature sensitive defects in the cell mem~
brane have also been isolated (Kohiyama et al. 1966). Inouye and
Guthrie (1969) described an alteration in one protein of the cell mem-
brane in a ts mutant of E. coli. This mutant was unable to synthesize
DNA at 41C but could continue cell division at that temperature. They
attributed the temperature sensitivity of DNA synthesis in this mutant
to this particular ts protein component of the membrane. Similarly,
Siccardi et al. (1971) found E.'gg;i mutants ts for DNA replication

which had alterations in the membrane. Two loci, Dnai and DnaB, were

involved, the former affecting one particular protein component of
the membrane (possibly the same protein as that reported by Inouye
and Guthrie), the latter affecting how the membrane proteins are held
together. Although these groups reported mutants ts for DNA synthesis,
the primary defect in both cases appears to be in the cell membrane.

Weigand et al. (1970) reported a different type of ts mem~
brane mutation in E. coli. Upon shifting to the non-permissive temper-
ature, the mutant increased in size and acquired "extra membranest,
i.e. membranous structures appearing as vesicles or whorls in the cy-
toplasm. However, they could not determine whether the ts defect was
associated with membrane production, cell division or a metabolic pro-
cess within the cell. Possibly DNA replication is temperature sensitive
while membrane synthesis continues. Kohiyama et al. (1966) reported ts
mutanﬁs for cell division that possibly had altered membranes. They
suggested that either the mesosomes or septum formation were affected,
thus inhibiting cell division.

Still another ts membrane mutation was described by Crandall



and Koch (1971), also in E. coli. Their mutants were temperature sen-

sitive for fg—galactoside transport but also showed decreased gener~
alized transport. They found that the permease of the mutant was not
heat labile but rather its synthesis was decreased at the high tem~
perature. They attributed this temperature sensitive synthesis to a
membrane component at the binding site for the permease. Since these
mutants showed generally increased permeability, the membrane must
certainly be altered.

Defects in the cell wall (peptidoélycan layer) have been
implicated in ts division mutants of E. coli (Reeve et g;._l970).
Apparently the mutation affects a late step in cell wall synthesis,
without which cell division carnot occur. Kohiyama et al. (1966) re-
ported two ts mutants of E. coli K12 that lysed upon shifting to 40C.
Apparently these cells are defective in the synthesis of diaminopi-

melic acid.

These are Just a few examples of membrane and envelope mu-
tations as primary defects. Alterations in lipid biosynthesis could
also cause such defects (Normark 1971). As previously mentioned, al-
iwost all these temperature sensitive mutations are due to altered

enzymes stopping or slowing down the metabolic machinery of the cell.

(c) DNA Synthesis

DNA replication and the subsequent separation of the cells

'is a complex process that is not well understood. Many DNA synthesis

\
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mutants have been reported, some of which have already been discussed
{Siccardi et al. 1971; Inouye and Guthrie 1969). The following dis-
cussion will deal with mutations in the actual process of DNA repli-

cation and the resulting alterations in cell division.

In 1958, Kornberg and his coworkers isoclated a DNA polymer-
ase which was then thought to be the polymerase required for DNA rep-
lication (Lehman et al. 1958). It is now thought that this is a repair
enzyme (delucia and Cairns 1969). Fangman and Russel (1971) reported
mutants of E. coli that were temperature sensitive for both DNA rep-
lication and the repair of single-strand chromosome breaks (X-ray in-
duced). They postulated that a ligase necessary for both these pro-
cesses was defective. Marinus and Adelberg (1970) also reported ts
DNA synthesis mutants in E. coli Ki2. However in this case the defect
appeared to be due to two thermolabile gene products. Recently,
Karamata and Gross (1970) have suggested that a minimum of 14 genes
are involved in DNA replication in B. subtilis, the actual number pro-
bably being thirty. |

DNA synthesis mutants usually form long filaments similar to
the 'snakes" produced in normal cells after growth in nalidixic acid,
an inhibitor of DNA synthesis (Kohiyama et al. 1966). Using synchro-
nous cultures of E. coli B/r, Clark (1968) found that DNA synthesis
is required for cell division to occur. He suggested that the end of
a round of replication somehow commits the cell to divide. Generally,
cell division in E. coli occurs about 20 minutes after the replication

round has been completed (Cooper and Helmstetter 1968). Walksr and
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Smith (1970) isolated conditional cell division mutants in E. coli
which they called lon . The lon gene specifically inhibits septuﬁ for-
mation, resulting in long multinucleate filaments. Such mutants have
& decreased DNA/mass ratio due to a decreased rate of DNA synthesis.
These authors also suggested that lon™ mutants are unable to synthe-
size some kind of division activator, thus uncoupling DNA synthesis
and cell division. On the other hand, Hirota et al. (1968) reported
mutants of E. coli K12 ts for DNA synthesis that couid still form
septa at the non-permissive temperature. They concluded that two muta-
tions weré involved. The first, called T46, caused the temperature
sensitivity, stopping both DNA synthesis and septum formatiom; the
second, called DivA, would allow septum formation and céll division
but only when DNA synthesis was stopped by the T46 mutation. In other
words, simultaneous mutations in both these genes would produce DNA-
less cells. The DivA locus may code for a division activator as pos-

tulated by Walker and Smith.

A different type of ts DNA synthesis mutant in E. coli was
reported by Worcel (1970). Upon shifting to the non-permissive tem-
perature, the mutant immediately stopped DNA synthesis. & down-shift
back to the permissive temperature allowed re-initiations in one of
the two daughter chromosomes. The ts defect appeared to be in the
actual growth of the DNA chain, not in the initiation process.

Mutants of E. coli ts for DNA initiation have been reported.
Shapiro et al. (1970) isolated ts mutants with defective cell division.

Since cell division is controlled by DNA synthesis, they found that
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these mutants were actually unable to initiate DNA synthesis at the
non-permissive temperature. They presented two possible explanations:
(i) an enzyme directly involved in initiation is altered so that at
the higher temperature it is unstable and cannot fit into the mem-
brane,. which is secondarily altered; (ii) the membrane itself con-
tains a defective protein which deoes not allow the insertion of ini-
tiation enzymes at the non-permissive temperature. There is insuffi-
cient evidence to choose between these two alternatives. Carl (1970),
also using E. coli, isolated ts mutants, some with residual DNA syn-
thesis at 40C, others immediately stopping DNA synthesis at AOC. He
placed these mutants in two groups according to their ability to sup-
port growth of phage T4 and/or phage lambda at 41C. The two mutations
mapped at different loci. He suggested that the defect was in initia-
tion of DNA synthesis but again there is no substantial evidence for
this conclusion.,

Carl made an interesting observation in this report. One of
his mutants was "“salt-rescuable", i.e. the addition of 2% NaCl to the
medium overcame the temperature sensitivity of the cells. This effect
of salt on ts DNA synthesis mutants was first noted by Ricard and
Hirota (1969). The imporﬁance of this observation will be discussed

further in the following section.

The previous discussion strongly suggests the existence of
a complex, well co-ordinated system for bacterial reproduction. The
difficulties in pinpointing a mutation anywhere in this process are

obvious. It is conceivable that Karamatats estimate of 30 genes for
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DNA replication is only a part of the total required for reproduction

in these organisms.

Suppression

The term f*suppression?! generally refers to a mutation in
one cistron that somehow overcomes or "suppresses" a mutation in a
different cistron. The .existence of suppressor genes has been known
for quite some time (for a review, see Gorini and Beckwith 1966).
Suppression can also be effected by an external agent, such as that
observed in some cases by streptomycin, and is generally referred to
as "phenotypic suppression’. Temperature sensitivity is generally
caused by a missense mutation, resulting in the production of an al-
tered protein. Since suppressors are believed to alter either tRNA
specificity or some other component of the protein synthesizing ma-
chinery, the finding of suppressors that either cauée or relieve a

ts mutation is not surprising.

In 1966, Apirion reported a suppressor causing temperature
sensitive growth in E. coli K12. He induced a mutation in a trypto-
phan auxotroph that simultaneoﬁsly suppressed the tryptophan require-
ment at 30C while causing temperature sensitivity at 43C. He found
that the 505 subunit of the ribosome was more heat sensitive in this
strain than in the parent. He concluded that the mutation caused a

change in a component of the SOS'subunit such that translational



mistakes occurred at both temperatures; the mistakes at 30C suppressed
the tryptophan requirement while at 43C the mistakes were too exten~
sive to allow growth. Eggertsson (1968) reported a different suppres-
sor, supl, that also caused temperature sensitivity in E. coli. Al-
though there is no direct evidence, this locus was thought to affect
a specific tRNA, causing mistranslation. A similar situation, also in
E. coli K12, was recently reported by Gallucci et al. (1970). They
induced a mutation in the su-4 gene, producing a temperature sensitive
tyrosine tRNA. The su-4 gene is a suppressor gene and this mutation
caused 'temperature dependent suppression',

The opposite type of suppressor was recently reported by
Russell and Pittard (1971b). Their strain of E. coli K12 was tempera-
ture sensiti&e due to a mutation in the pheS gene. An extragenic sup-
pressor, supQ, restored the cellsf ability to grow at the non-permis-
sive temperature. However, these authors could not determine if this

locus functioned at the level of translation.

Generally, a suppressor gene produces an altered tRNA. What
happens in the case of ''phenotypic suppression”? As previously men-
tioned, streptomycin can suppress some mubtations. It is thought that
this antibiotic causes misreading, i.e. the effect is at the ribosomal
level. There is one other case of phenotypic suppression that is of
interest here, that of "osmotic suppression'.

In 1964, Hawthorne and Friis reported a new class of mutants
in yeast which they called "osmotic remedial mutants'. These were

auxotrophic mutants whose nutritional requirement was abolished by
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increasing the osmotic concentration of the medium. There have been
several reports of this osmotic phenomenon overcoming temperature
sensitivity. Kuwana (1961) reported temperature sensitive mutants

of Neurospora crassa which would grow at the non-permissive temper-

ature orly when an osmotic agent was present. He concluded that a

defect in either the cell membrane or in a transport system was re-—
sponsible, this defect being sﬁabilized by a higher osmotic concen-
tration in the medium. Similarly, Wainwright and McVeigh (1967) re-

ported ts mutants of Neurospora crassa with an osmotic requirement

for growth at the higher temperature. They could not determine if
their mutants had a transport defect or if some macromolecular com-
ponent of the cell was heat labile. Recently, Good and Pattee (1970)

reported ts "osmotically fragile mutants" in Staph. aureus which

they thought had defective cell walls. However, the validity of
this report remains to be established.

The most interesting report on this subject, however, is
that of Ricard and Hirota (1969). Their mutants of E. coli were
temperature sensitive for DNA synthesis. By adding various salts or
sugars to the medium, these mutants became phenotypically normal at
the non-permissive temperature. They concluded that this osmotic ef-
fect was actually on the cell membrane, but the evidence is incon-

clusive.

Since temperature sensitivity is usually caused by a mis-
sense mutation producing an altered protein, the only logical con-

clusion is that the higher osmotic concentration somehow stabilizes -



16

this protein at the non-permissive temperature. 4 defective membrane
protein would be the first possibility, since a‘defect in the mem-

brane céuld cause multiple effects, e.g. leakage, faulty DNA synthe-
sis, faulty cell division. In the cases cited, the exact defects are
unknown. The work to be described here only adds to the present con-

~ fusion.
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STATEMENT OF PROBLEM

The original problem was to test if S-adenosylmethionine
(SAM) was the active principle fér chemotaxis in E. coli. Since a
mutation affecting the synthesis or use of SAM would be lethal, we
selected for conditionally lethal mutants, specifically temperature
sensitive mutants. Hopefully such mutants would be non-chemotactic
only at the non-permissive temperature. During this investigation,
it was found that ﬁany of the ts mutants grew on semi-solid tryp-
tone plates at 42C but did not grow on nutrient agar at the same
temperature. The main difference’ in the two kinds of plates was the
presence of 0.5% NaCl in the soft plates. When 0.5% NaCl was added
to nutrient agar, the mutants grew at 42C; no growth was obtained
at 42C on tryptone plates without added NaCl. Since the salt was
somehow alleviating the temperatﬁre sensitivity in many cases, it
was decided to investigate this phenomenon further. When the addi-
tion of other salts or sucrose also permitted growth at 42C, the
phenomenon was tentatively called "osmotic suppression of tempera-
ture sensitivity". The following experiments were done to find some

explanation for this phenomenon.



18

MATERIALS AND METHODS

(a) Media

Tryptone, peptone, yeast extract and casamino acids were
used as 1% solutions. Nutrient agar and penassay were made up in the
concentrations recommended by Difco. Semi~solid tryptone plates con-
tained 0.35% agar; all other plates contained 1.5% agar. Top agar, as
used in an agar overlay, contained 0.7% agar. Tris maleate buffer con-
tained 6.0 gm Tris base, 5.8 gm maleic acid and 1.0 gm MgSOh.7H20 per
litre; the pH was adjusted to 6.0 with NaOH. Minimal medium contained
11.2 gm KéHPOh, 4.8 gnm KHZPOA’ 2.0 gm (NHA)QSOA’ 1.0 ml 1M MgSOA and
1.0 ml of 50 mg/100 ml FeZ(SOA)B in 870 ml; 100 ml of 10% glucose; 10
ml each of filter sterilized 1% threonine, 1% leucine and 1% histidine;
and 1.0 ml of 1 mg/ml vitamin Bl. Hl buffer contained only the salts

of minimal medium. '

(b) Bacteria

AWLO5, a strain of B. coli K12, requires histidine, leucine,

Al
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threonine and vitamin B, for growth. This strain was used to select

1
for cells that were extremely motile at 42C. A loopful of the bacte-
ria was placed in the centre of a semi-solid tryptone plate which was
then incubated at 42C. After the cells had swarmed out from the inoc-
ulum, a loopful was picked from the edge of the outermost ring and

placed in the centre of a second soft plate. The entire procedure was

repeated several times until a very motile culture was obtained. This

¥strain?, called AOl4, was used as the parent for mutagenesis.

(¢) Mutagenesis

An exponentially growing culture was mutagenized with N-
methyl-Nt nitro~N-nitrosoguanidine as follows. Five ml of culture was
filtered through a millipore filter and washed with 10 ml of Tris ma-
leate buffer. The membrane was placed in a fresh flask with 5.0 ml of
buffer, agitated on a vortex, then removed. NTG, 0.5 ml of a 1 mg/ml
solution, was then added and the culture incubated at 37C. After 30
minutes, 1.0 ml was filtered and washed with 10 ml of Hl buffer. The
cells were resuspended in 10 ml of minimal medium as above. Several

2 dilution were plated on nutrient agar and

0.1 ml aliquots of a 10
incubated at 30C. After growth, colonies were replica plated onto nu-
trient agar at 42C. Colonies that failed to grow at 42C were picked

and grown in a small volume of tryptone broth, then retested for growth

at 42C. This was repeated several times to eliminate revertants.
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(d) Measurement of Osmolality

Osmolality was measured in an Advanced Osmometer (Advanced
Instruments, Inc., Newton Highlands, Massachusetts). This instrument
utilizes the freezing point depression method for measuring osmolality.

When different compounds were tested, a concentrated. solu~
tion was made up in tryptone broth, then added to tryptone broth in
varying amounts to obtain a standard curve of osmolality for each.
Figure 1 shows the standard curves obtained for NaCl, KCl and MgClz.

The osmolality of tryptone broth was approximately 60 mOsm.

(e) Test for Antibiotic Sensitivity

Two types of plates were used, tryptone and tryptone plus
0.5% NaCl. A bottom layer of 10 ml was covered with an overlay of 4 ml
containing 0.2 ml of an overnight culture. After the overlay had hard-
ened, eight sensi-discs (Baltimore Biological Laboratony, Division of
B-D Laboratories, Inc.) containing different antibiotics were simulta-
neously placed on top using a sensi-disc dispenser. Each mutant was
tested at both temperatures, the tryptone plates at 30C and those with

NaCl at 42C.

(f) Shift Fxperiments

Cultures were incubated at 30C in 15 ml of tryptone broth
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Figure 1 - Standard curves of osmolality versus concentration
for NaCl, KCl and MgClz. 4 1M solution of each
was made up in tryptone broth, then diluted with

tryptone broth to give the concentrations tested.
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in 18 mm side—arm flasks. Optical density was measured at 650nm in a
Coleman Junior II spectrophotometer (model 6/20). At the desired 0.D.
(see results) the flasks were placed at 42C and 0.D. readings taken
at 3-hour intervals. In some cases the cells were shifted back to 30C
after different periods of time at 42C.

When salt was added to cells at 42C, 5.0 ml of a 1M solution

of NaCl was added to each flask to give a final osmolality of approxi-

mately 500 mOsm.




RESULTS

Sixty-eight temperature sensitive mutants were obtained but
many proved difficult to work with because of high reversion rates.
The temperature sensitivity of several of the more stable mutants was
examined in liquid medium (Figure 2). All the mutants grew best at 30C
but growth rate and maxiwmum growth varied considerably. None grew.at
temperatures above 37C. The results were essentially the same whether
growth rate or maximum growth was determined. The latter was used in
the majority of the experiments reported below, since it was the more

convenient parameter to determine.

CLASSTFICATION

(a) Osmotic Effects

When several mutants were tested on semi-solid tryptone
plates for motility as well as on nutrient agar, growth was obtained

at 42C. Since both media are nutritionally complete, the only other




Figure 2 - Temperature profiles of mutants 33, 565, 46B and

4O compared to the parent (A0l4). Each mutant was

tested for growth in tryptone broth.
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difference being the presence of 0.5% NaCl in the tryptone plates,
further tests were carried out to see whether this was an osmotic or
an ionic effect.

Preliminary tests were done on tryptone plates containing
either 0.5% NHACl or KC1, or 0.2M (6.5%) sucrose. The presence of any
one of these compounds allowed growth at the non-permissive tempera-
ture. It was concluded that this was indeed an osmotic effect.

| The ability of the mutants to grow on plates of various com-
plex media was also tested. Seven different kinds of media were used,
and 0.5% NaCl was added to increase the osmotic concentration in three
cases. All mutants were tested at both 30C and 42C. Table 1 shows 7
different patterns of response at 42C. Since all these media are com-
plex, the different patterns obtained were attiributed to the differ—
ences in osmolélity. Group VII is an odd exception. These mutants did
not grow on-penassay although they greQ on media of lower osmolality.
Possibly something in this medium‘inhibited their érowth at the non-
permissive temperature.

The mutants were alsc tested on minimal medium, minimal me-
diﬁm + 0.5% WaCl, and minimal medium + NaCl + 0.1% yeast extract. The
osmolalities of these media were 309 mOsm, 460 mOsm and L65 mOsm rés—
pectively. Some mutants did not grow on minimal medium at 30C, indi-
cating a nutritional requirement. Many mutants grew poorly on minimal

medium at 30C and either grew poorly or not at all at 42C. Four of

" the six Group I mutants, which did not grow at 42C on any of the media

listed in Table 1, did grow on minimal medium supplemented with salt

and yeast extract at 42C, indicating a high osmotic requirement. The
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other two mutants of this group grew poorly on this medium at 30C and
not at all at 42C, allowing the possibility of both a high nutritional

and a high osmotic requirement.

A total of forty-one mutants was retained after this classi-

fication. The remaining twenty-seven mutants showed high reversion

rates and were discarded.

(b) Antibiotic Sensitivity

When several mutants were examined under the microscope
after growth at different temperatures, variations from the normal
fishort-rod" morphology were observed. Such differences are typical of
septum and other envelope mutants. Since envelope mutants often show
differential sensitivity to antibiotics, all mutants were tested at
both 30C and h2C against ten different antibiotics.

411 mutants and AOlL were sensitive to chloramphenicol,
ampicillin, nalidixic acid and kanamycin at both temperatures. None
were sensitive to valinomycin, lincomycin or streptongyein at either
temperature, nor was A40l4. The mutants showed altered sensitivities
to three antibiotics: vancomycin, bacitracin and novobiocin as seen
in Table 2. No mutant showed a change from the parent at 30C only.
Six mutants became sensitive to one or more antibiotic at 42C only.
The majority became sensitive to one or more of these antibiotics at

both temperatures.
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TABLE 2

Patterns of response to three antibiotics at both temperatures

VANCOMYCIN BACITRACIN NOVOBIOCIN number of
mutants
30C 42c 30C L2C 30C L42¢c
wild- s - - - - - 1
type
A 8 s - - - - 2
<] « - o [ ] 2
s S - . - S i
8 s - 8 - 8 1
6
B ] - s - - s 3
s s s - - - L
5 s s - ] - i (#u6B)
s s s - - s 3 (#40)
s s s - s s 2 (#33)
s s s s - - 1 (#565)
s s g S s - 2
s s s s - s L
s s s s s s 4
26
totals 33

s indicates gensitivity
= indicates resistance

A - this group shows a change from the wild-type at 42C only
B = this group shows a change from the wild-type at both
temperatures
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These three antibiotics all affect cell wall synthesis in
some way (Reynolds 1966). They are also three of the largest in molec-
ular weight of the antibiotics tested. These results apparently sup-~

port the idea of a defective cell envelope.

The majority of the mutants showed similar behaviour; thir-
ty-three were Mosmotically suppressible' at 42C, and all but one of
these showed differences in antibiotic sensitivity from the wild-type.
Several were selected for detailed characterization as described be-
low. The greatest amount of work was done on mutant 33, which was in
Group V on complex media and showed sensitivity differences at both

temperatures.

OSMOILALITY PROFILES

When the mutants were classified, NaCl was added to increase
osmolality. What other compounds would permit growth at the non-per-
missive temperature? To test this quantitatively, tryptone broth was
chosen as the basic medium. Two classes of compounds were added to it:
(i) one of three salts - KCl, NaCl or MgCl,; or (ii) one of three
carbohydrates - glycerol, inositol or sucrose. Standard curves of

concentration versus osmolality were linear in all six cases.

Figure 3 shows the osmolality profiles obtained at both 30C

and 42C for mutant 33 with these three carbohydrates. Glycerol did



Figure 3

Osmolality profiles of mutant 33 with glycerol,
inositol and sucrose as osmotic agents. The
graphs show maximum growth at different osmolali-

ties at both 30C and 42C.
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not permit growth at the non-permissive temperature regardless of
concentration. Since it is a small molecule that fréeky penetrates
across the cell membrane, it may not have been exerting any osmotic
effect. When inositol was present, growth was relatively poor at both
temperatureé except for very low concentrations at 30C. Although ino-
sitol is metabolized by E. coli, it apparently had a toxic effect at
concentrations above 0.2M (268 mOsm). A solubility problem was also
encountered here; a 1M solution (1060 mOsm) is supersaturated at room
temperature. Sucrose was the least effective of the three. It gave
nonreproducible results and tended to cause clumping of the cells,
particularly at 42C. As with inositol there was a solubility problem,
since very high concentrations of sucrose were required to produce
this range of osmolality.

Figure 4 shows the osmolality profiles obtained for mutant
33 with the three salts as osmotic agents. All three allowed growth at
the non-permissive temperature. However M’gCl2 allowed growth within a
much narrower range of osmolality than either KC1 or NaCl. Since this
occurred at 30C as well, the three salts appear to be exerting a sim-
jlar effect. KC1 and NaCl gave almost identical profiles, except that
KC1 allowed growth at 42C at a lower osmolality than did NaCl. In the

case of another mutant, #565, this difference did not occur (Figure 5).

The previous profiles compared the responses of one mutant
to different osmotic agents. The following profiles were done to com-
pare the responses of different mutants to the same osmotic agent, in

this case NaCl. All the mutants studied gave similar growth curves;



-Figure 4 - Osmolality profiles of mutant 33 with KCl, NaCl
and Mg012 as osmotic agents. The graphs show max-
imum growth at different osmolalities at both 30C

and 42C.
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Figure 5 ~ Comparison of osmolality profiles obtained for
mutant 565 at 42C with NaCl and KCl as osmotic
agents. KClL was used in the profile obtained

at 30C.
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those obtained for mutant 46B were typical (Figure 6). Figure 7
shows the profiles obtained at 42C for four different mutants (in-
cluding 33) and that of the parent; maximum growth was plotted here
for a direct comparison. In Figure 8, maximum growth of the mutants
was plotted as a percentage of that of the wild-type (ACl4) at the
same osmolality. Three of the mutants showed no growth at either ex-
treme of osmolality while mutant 565 parallelled the response of the
parent at higher osmolalities only (Figure 8). Although all mutants
had their own distinct profiles, all exhibitéd the same ability to be

"osmotically suppressed" within a certain range of osmolality.

SHIFT EXPERIMENTS

To test the possiblity of defective cell envelopes, several
temperature shift experiments were done to see if lysis would occur.
Cultures pf mutants 40 and 46B were shifted to 42C after growth to
mid-exponential phase at 30C. After thirty hours at 42C there was no
decrease in 0.D. (Figure 9). Microscopic observation showed only a
decrease in motility; this was a subjective evaluation. Three iden-
tical cultures of mutant 33 were also shifted: one in early log phase,
a second in mid-log phase and a third in stationary phase (Figure 10).
Unexpectedly, there was an initial increase in O.D. followed by a
levelling off in cultures shifted before reaching stationary phase.
This may have been partly due to an elongation of the cells after

shifting. The viable counts did not change significantly in these




Figure 6 - Growth curves for mutant 46B at different
osmolalities at 42C. The highest osmolality

used (1738 mOsm) corresponds to a concentra-

tion of 0.9M NaCl in tryptone broth.
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Figure 7 - Osmolality profiles obtained for mutants 33, 565,
46B and 40 and for the paremt (AOlL4) at 42C in

tryptone broth with NaCl.
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Figure 8 - Osmolality profiles for mutants 33, 565, L6B and
40 at 42C in tryptone broth with NaCl. Maximum
growth is plotted as a percentage of the wild-

type (AQLlL) at the same osmolality.
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Figure 9 - Changes in O.D.650 for mutants 40 and 46B after
shifting to 42C. The mutants were grown to mid-

log phase at 30C in tryptone broth. The micro-

scopic observations on motility were subjective.
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Figure 10 - Changes in O.D.é50 for mutant 33 after
shifting to 42C. Observations on motility

were subjective.
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cultures even after thirty-six hours at 42C.

In a second experiment with mutant 33, one culture was
shifted in early log phase, another in mid-log phase, then both were
shifted back to 30C after different lengths of time at the non-per-
missive temperature. Figure 11 shows that the critical parameter was
the length of time at 42C. The ability of the cells to multiply at
30C decreased as the length of time at 42C increased. After 12 hours
at L42C, their ability to recover was considerably less. The initial
increase in 0.D. at 42C corresponded to a negligible increase in cell
numbers (Table 3), probably being due to elongation of the cells.
Since the 0.D. remained approximately constant for 48 hours at 420,
the cell envelope appeared to be quite stable at the non-permissive

temperature.

In another shift experiment, NaCl was added to cultures of
mutants 33 and 565 while they remained at 42C. Figure 12 shows the
response of mutant 565; that of mutant 33 was similar. The O.D.
dropped after 3 hours and the viable counts decreased considerably.
MaCl thus appeared to precipitate the disintegration of the cells at

the non-permissive temperature.




| Figure li - Shift experiment with mutant 33. Two cultures
were shifted to 42C, then shifted back to 300
(dotted lines) after 6 hours, 12 hours and 21
hours. In Figure 114, the culbture was shifted
to 42C in late log phase. In Figure 11B, the

culture was shifted to 42C in early log phase. -
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TABLE 3

Viable counts for shift experiment with mutant #33

(see Figure 11)

culture shifted back to

30C after
hours at -viable count 6 hours at 12 hours at
L2C (no. cells/ml) L4 2C L2c
A 0 1.0 x 107
6 1.0 x 107
12 9.5 x 10° 1.5 x 107
21 5.0 x 10° 1.8 x 107 1.0 x 107
B o 3.0 x lO8
6 5.7 % 109
12 3.0 x 108 7.0 x 108
21 2.0 x 10° 1.7 x 107 4.8 x 100
A - culture shifted to 42C in late log phase; corresponds to
Figure 11A
B - culture shifted to 42C in early log phase; corresponds to

Figure 11B




Figure 12 -~ Effect of adding NaCl to cultures of mutant 565
after shift to 42C. The dotted lines show changes
in O'D°65O after the addition of NaCl. The num-
bers represent viable counts (no. cells per ml).
In Figure 124, NaCl was added after 6 hours at

L2C. In Figure 12B, NaCl was added after 12 hours

at 42C,
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DISCUSSION

The results presented here show that, in some cases, tem-
perature sensitivity can be overcome by increasing the osmotic con-
centration of the growth medium. In a group of 68 ts mutants selected
on complete medium, slightly more than 50% were able to grow at the
non-permissive temperature when the osmolality of the medium was in-
creased. Three sets of experiments were done: first, the mutants were
classified according to both osmotic requirements and differential
sensitivity to antibiotics; second, the effectiveness of six differ-.
ent osmotic agents in reversing temperature sensitivity was examined;
third, the hypothesis that the cell envelopes were defective was
tested. All of the mutants were classified in the'first set of exper-

iments, after which four were studied in greater detail.

The mutants were classified in seven groups on the basis of
their ability to grow on various complex media at 42C (Table 1). These
media are all nubtritionally complete and differ only in their osmotic

concentration. Therefore, these seven groups appear to represent the
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minimum osmolality requirements of the mutants for growth at the non-
permissive temperature. The six Group I mutants exhibited a higher
osmotic requirement than the other 35 mutants since four of them were
able to grow on supplemented minimal medium at 42C, a medium.of high-
er osmolality than those listed in the table. The Group VII mutants
did not grow on penassay at 42C, yet did grow on media with lower os-
molality. Perhaps some of these mutants have a very limited osmotic
requirement for growth at 42C, or, as pre&iously suggested, something
in that medium inhibits growth at the non-permissive temperature. The
identity of such a compound is impossible to guess.

Several mutants did not grow at 30C on minimal medium. In-
creasing the osmolality by the addition of 0.5% NaCl did not overcome
either the nutritional requirement or the temperature sensitivity. In
these cases the nutritional requirement was ignored, since it could

not have been the cause of the temperature sensitivity.

Many of the mutants showed abnormal morphology when growing
at 42C with added NaCl. Cells with faulty septum formation or altera-
tions in cell division tend to produce long 'snakes™ and have altered
permeability (Kﬁhiyama et al. 1966). As a result, they show differen~
tial sensitivity to various antibiotics (Normark 1969; Normark et al.
1969). As a preliminary test of this possibility and a further classi-
fication, the mutants were tested for sensitivity to ten different
anfibiotics.

All the mutants and the parent were sensitive to ampicillin,
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chloramphenicol, nalidixic acid and kanamycin. These four antibiotics
are the smallest in size, ranging in molecular weight from 232 (nali-
dixic acid) to 484 (kanamycin). Chloramphenicol inhibits protein syn-
thesis, nalidixic acid inhibits DNA synthesis, kanamycin inhibits ENA
- synthesis and ampicillin affects cell wall synthesis. Presumably these
four could easily penetrate the cells and disrupt cellular processes.
The resistance of all mutants and the parent to valinomycin, lincomy-
cin and streptomycin was not surprising. The parent carries a gene for
streptomycin resistance which was obviously not affected by mutagene-
sis. Lincomycin affects protein synthesis (like chloramphenicol) but
the concentration used here (2/ug) was probably too low to be effec-
tive. Valinomycin was dissolved in absolute alcohol and placed on a
sensi-disc; it appears that only the alcohol diffused into the medium
and not the antibiotic.

The mutants exhibited different responses than the parent to
only three antibiotics — vancomycin, bacitracin and novobiocin (Table
2). These are three of the largest of the antibiotics tested (W 3300,
1411 and 613 respectively) and they all affect ceil wall synthesis in
some way (Reynolds 1966). Vancomycin is thought to affect one of the
processes involved in the polymerization of muramyl-peptides. Baci-
tracin causes a loss of membrane integrity as well as inhibiting cell
wall synthesis. Novobiocin, on the other hand, inhibits protein and
nucleic acid synthesis first but shows a lack of specificity of action.
Apparently ion and membrane integrity are important and it does affect
cell wall synthesis, although not primarily. Therefore a change in

sensitivity to one or more of these antibiotics mey reflect increased




59

permeability due to an alteration in the cell envelope.,

The mutants were classified in two major groups on the basis
of their response to these three antibiotics: (1) Group A became sen-
sitive to one or more of these three only at the non-permissive tem-
perature; (ii) Group B, the larger group, became sensitive to one or
more of the three at both temperatures. Assuming that this is a valid
test for altered cell envelopes, all but one of the mutants appear to
have some kind of envelope defect. The Group A mutants may possess
either a thermolabile structural protein or a thermolabile enzyme in-
volved in the synthesis of an envelope component. The Group B mutants,
however, appear to be structurally altered at both temperatures. 4
medium of higher osmolality could be stabilizing either defect, thus

allowing growth at 42C.

Preliminary tests had indicated that the reversal of the
temperature sensitivity by the presehce of NaCl was an osmotic rather
than ionic'effect. As further proof, three carbohydrates and three
salts were tested as osmotic agents with mutant 33, one of the more
stable mutants.,

The three carbohydrates chosen proved only partially effec-
tive. Inositol, although metabolized by E. coli, appeared to have a
toxic effect on the cells at concentrations above 0.2M at both tem-
peratures. As previously mentioned, there was a solubility problem
with this compound since the concentrations reguired to obtain this

rahge of osmolality caused the inositcl to crystallize out of solution
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at 30C. Glycerol, on the other hand, did not allow any growth at 42C.
Since it freely penetrates across the cell membrane (Hayashi and Lin
1965), it would be ineffective as an osmotic agent. Sucrose did re~
lieve the temperature sensitivity but the results were not reproduci-~
ble. The clumping observed could have been the result of plasmolysis
due to the high concentrations required (up to 50%). Since sucrose
was an effective osmotic agent when a small amount was present in
solid medium, the reversal of temperature sensitivity was still con-
sidered to be an osmotic effect.

The three salts -~ KCl, NaCl and MgCl, - all proved effective
in relieving temperature sensitivity. However, MgCl, allowed growth
within a much narrower range of osmolality than the other two salts
at both temperatures, inhibiting growth at concentrations above 0.25M
(~ 700 mOsm) at 30C and above 0.24 (~ 500 mOsm) at 42C. At 42C, KCl
allowed growth at a lower concentration than did NaCl. However, this
difference did not occur with a second mutant (565) and may simply be

an wnusual feature of mutant 33.

Two other mutants were also tested with NaCl to obtain osmo-
lality profiles at 42C. Of the four mutants tested, only 565 paral-
lelled the response of the parent at higher osmolalities. Growth of
the other three mutants at 42C was inhibited at both high and low os-
molalities. Each profile was slightly differeﬁt, with mutant 33 show-
ing the highest minimum requirement. This was the only case where the
minimum osmolality for growth at 42C was higher than that predicted
by the original classification on solid medium. These profiles show

conclusively that these mutants can be "osmotically suppressed".
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The evidepce to this point suggested a structural defect in
the cell envelopes of these mutants. Therefore, if cultures grown at
30C in a medium of low osmolality were shifted to 42C, lysis might be
expected to occur. When cultures of four different mutants (all in
Group B for antibiotic sensitivity) were shifted this way,.the 0.D.
remained constant for as long as 36 hours at 42C with only a slight
decrease in viability. The cells also retained the ability to grow at
30C after as long as 21 hours at 42C (Figure 11 and Table 3). Surpris-
ingly, the O.D. initially increased when the cultures were shifted to
L2C. However, this was due to an elongation of the cells rather than
an increase in cell numbers (see Figure 10). It appears, therefore,
that macromolecular synthesis can continue at 42C while some other as-
pect of cell division (septum formation?) cannot. Thus thg cell enve-
lope appeared to be structurally stable at the non-permissive temper-
ature. On the other hand, addition of NaCl to cultures previously
shifted to 42C caused a decrease in viability almost immediately. The
initial increase in 0.D. was probably caused by a shrinking of the
cells (see Figure 12; Bernheim 1963). This experiment suggested that
the cell envelopes were somehow defective, since the cells could no

longer tolerate a change in osmolality.

These results appear to contradict each other. According to
the test for antibiotic sensitivity, the mutants are defective some-
where in the cell envelope. According to the shift experiments, the

mutants have stable cell envelopes. When cultures are shifted to the
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non-permissive temperature in a medium of low osmolality, they can
elongate but not divide, yet they are able to divide when returned to
the permissive temperature. There is insufficient evidence for a posi-

tive conclusion but there is a possible explanation.

Since cell division depends on DNA synthesis (Clark 1968),
mutants ts for DNA synthesis often form long filaments at the non-
permissive temperature (Kohiyama et al. 1966). However, such mutants
often have membrane defects, since DNA synthesis is thought to be
membrane-associated (Siccardi et al. 1971; Inouye and Guthrie 1969).
The mutants reported here céuld be defective in membrane structure.
The differential sensitivity to antibiotics could be a permeability
effect, similar to the effects reported for the cet, tol and envad
genes (Holland et al. l§70; Whitney.l97l; Normark 1969). Another of
the effects of a mutation in any of these genes is faulty cell divi-
sion. Therefore it is possible that the mutants described here con-
tain a thermolabile membrane component. This component could be struc-
turally altered in such a way that it causes pefmeability changes at
both temperatures as well as causing failure of division at the non-
permissive temperature (assuming that this component is at or near
the site of DNA replication on the cell membrane; Jacob et al. 1966).
A higher osmotic concentration in the medium might relieve this type
of defect by stabilizing the configuration of the altered component.
4As long as the cell envelope maintained its integrity, no lysis would
be observed after a shift to the non-permissive temperature in a me~

dium of low osmolality even though the membrane was altered. Similarly,
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adding NaCl after the shift would cause a loss of water from the cells,
followed by a decrease in 0.D. and cell death (Bernheim 1963), since
the membrane would no longer be able to function effectively as a

permeability barrier.

There is another related possibility. Several workers have
postulated the existence of a protein called a "division activator®
that is necessary for cell division to occur (Walker and Smith 1970;
Smith and Pardee 1970). Such a protein would be lacking in mutants un-
able to form septa (Walker and Smith 1970). Normark (1969) reported
mutants of E. coli defective in the envA gene; these could not form
septa, thus forming long chains, and had decreased resistance to sev~
eral antibiotics, one of which was novobiocin. If a "division activa—
tor! does exist, then the mutants described by Normark would also be
lacking in this protein. The mutants described here could be tempera-
ture sensitive for septum formation with a thermolabile "division ac-~
tivator"t. Since the septum forms from the cell membrane, the membrane
could be altered at both temperatures, causing permeability changes.
Presumably such a defect could be stabilized by a higher osmotic envi-
ronment, allowing macromolecular synthesis and growth to continue at

the non-permissive temperature.

Iﬁ is tnlikely that these mutants are temperature sensitive
for protein Synthesis. Some such mutants show abnormal morpholegy at
the non-permissive temperature while others die after a shift to the

noﬁ»permissive temperature {Russell and Pittard 1971b). If an enzyme
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?gquired for biosynthesis was thermolabile, then the cells should ap~
pear abnormal only at the non-permissive temperature. The mutants
studied in the shift experiments were all, unfortunately, in Group B
for antibiotic sensitivity, i.e. they showed differeniial sensitivity
at both temperatures. From these experiments it is impossible to rule
out the possibility of ts protein synthesis, especially for the Group
A mutants, but the evidence is weak. |
Similarly, it is also unlikely that these mutants are ts for
DNA synthesis itself. Such mutants form long filaments at the non~-per-
missive temperature and do recover if shifted back to the permissive
temperature, but only if left at the non-permissive temperature for
short periods of time (Worcel 1970). Incorporation studies would have
to be done, however, to prove that DNA synthesis does not stop at 42C

in these mutants.

At the present time, the only reasonable conclusion that can
be reached is that, in these mutants, the cell membrane is defective.
Perhaps a structural component of the membrane is theimolabile and is
stabilized by the higher osmotic environment.lPerhaps the membrane is
structurally altered at both temperatures and a "division activator®
is thermolabile, the latter being stabilized by the higher osmolality.
Similarly, septum formation may be temperature sensitive.as a result
of a membrane defect. Although it appears that macromolecular synthesis
can continue at the non~permissive temperature, incorporation studies

must be done to see whether this is both DNA and protein synthesis or
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only protein synthesis. It is also possible that the temperature sen-
sitivity is caused by a suppressor gene such as that reported by
Apirion (1966). This possibility was not discussed since there is
absolutely no proof of its existence in this case. To prove that a
membrane defect really is responsible for the temperatﬁre sensitivity,
~ further experiments must be done, specifically phage adsorption and

permeability studies.

Although no strong conclusion can be reached, it is inter-
esting that a large percentage of randomly-selected ts mnfants can
be Y"osmotically suppressed", regardless of the exact defect involved.
Indeed, these experiments suggest that osmotic reversal of temperature
sensitivity could be a more general phenomenon in microorganisms than
previously thought. Perhaps further testing of diverse ts mutants in

media of varying osmolality is warranted.
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