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ABSTRACT

A temperature-sensitive division mutant, Escherichia coli BUG-6,

has been investigated. This organism divides normally when grown at

30 C but fails to divide at 42 C. Growth continues at 42 C to produce
very long, multinucleate filamentous cells. When returned to 30 C, or

a high osmoti¢ environment is added at 42 C, the filamentous cells
divide rapidly to produce cells of normal size. The kinetics of cell
division of the filaments at 30 C depends on the period at 42 C. buriﬁg
filament formation, DNA, RNA and protein synthesis.continue as measured
by radio-isqupic incorporation and chemical cell fractionation. DNA
segregation occurs as shown by autoradiography.

The rapid division of filaments replaced at 30 C cannot be:pre-
vented by novobiocin or cycloserine but is prevented by vancomycin and
penicillin suggesting that de novo synthesis of cell wall precursors is
not reqhired for division but.that positioning and cross-linking of the
precdrsors fs reqUired._

Filaments growing at L2 ¢ weré treated with nalidixic acid for
different lengths of time. ‘On returning these filaments to 30 C in
nalidixic acid the number of divisions was proportional to the Ieﬁgth
of time at 42 C in the absence of .nalidixic acid, ie. proportional to
the amount of DNA synthesized at 42 C. |

Inhibition of protein synthesis, by chloramphenicol, does not pre-

vent the division of filaments on replacing at 30 C provided fhat the



period of filamentation at 42 C was greater than 6 minutes and less
than 110 minutes. The maximum amount of division in the absence of
protein synthesis occurred afterva longer lag and slower than in non-
inhibited control cultﬁres.

If protein synthesis was inhibited in filaments at 42 C the ability
of such treated cells to divide at 30 C was rapidly lost. This loss of
'division potential' has a half-life of about 0.5 minutes, ie. 0.5
minutes of protein inhibition‘at 42 C reduces -‘the subsequent division
at 30 C by 50%. The normal presence of 'division potential', therefore’
requires the synthetiC'doubling rate to be ' in excess of 0.5 minutes.
Very short periods at 42 C indicate that 10 minutes incubation at 42 C
is required to produce this extremely fast synthetic rate. A model for
the‘production and expression of 'division potential' is presented.

A biochemical analysis of the cell envelope‘of the filamentous
cells and of normally dividing cells is présented. The major phospho-"
lipid compositions are the same. However, the fatty acid conténts
differ especially with regard to the cyclic fatty acids. When the
filaments are éllowed to divide by replacing at 30 C their fatty acid’
composition very rdapidly reverts to that of normally dividing cells.

The rates of individual phospholipid synfheses appear to change during
the rapid cell division phase, however this may be an artifact resulting
from an overall increase in the rate of phospholipid synthesis during
this period.

An analysis of the proteins within the cell envelope by radio-active



double Tabelling techniques and followed by gel electrophoresis

indicates that a protein(s) of molecular weight 80,000 - 90,000 exists

.in the envelope of filamentous cells which is not in the envelope of

normal cells or is made at a much slower rate in normal cells. The protein
is not incorporated into septa during the division of filaments at 30 C

and little turnover ‘occurs in the major protéins synthesized at 42 C’

when these cells are placed at 30 C. The possibility exists, however,

that this protein is a prodUct of filamentation and not the temperature

sensitive gene product.
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INTRODUCTION

Studies of bacterial cell-division can be separated into in-
vestigations of normally growing and dividing bacteria and investi-.

gations involving ‘inhibitors or mutants of the cell division process.

Observationsfof.hormélly»growingfcellsz

Studies of the first type are, of necessity, involved with the
relationship of”éell division to the whole cell cycle. Many micro-
scopic investigations of normally dividing cells have been carried
out and thése have led to several conclusions regarding cell growth
and division. Observations of bacterié»growing on agar surfaces have
shown that the growth rate determines the typeiof growth, fe. at slow
- growth rates.the cells extend unidirectionally but at faster growth
rates they extend bidirectionally (27). The rate of cell extension
has been observed to be linear for most of the cell cycle’and then
double as ;ell diviéion approached (2). Comparison of the growing
céll to a fixed external marker in the agar (27) or examination of the
distribution of .young and old flagella'(IO),uassuming that length is
equivalent to age and flagella are only synthesized as the cell wall
is synthesized, have led to the conclusion that cell extension is
asymmetric. The region of cel} wall growth has been investigated by
direct microscopy. Antiserum, specific for.the cell surface (19)

or -mucopeptide (45), was combined with a fluorescent dye and used to



determine the location of newly gynthesized areas of cell surface or
mucopeptide. The cells were first coated with non-fluorescent anti-
body so thatIFOIIOWTng growth, only newly synthesized regions would

be available for attachmegt of the fluorescent antibody.and these
regions would fTuorescé when observed by .ultra-violet microscopy.
The'results indicéfed that 'in gram-negative ce]}s, growth occurs

over most of the.cell surface but gram-positive cells have specific
localized regiohs of'growth (19). The result for gram-negative bacteria
was cérréboréted by .an autoradiographic investigation of cell wall
growth using radioactive diamino-pimellic acid as a specific label for‘
bacterfal cell wél]s (111). The actual mechanism of cell division
differs as has beeﬁlobserved by electron microscopy, ie. gram-neg#tiVe
cells éppear to divide byjponstriction whereas gram-positive cells
first produce a membranous invagination and then the cell wall grows
inward as an annulus, whereas the external cell diameter at the area

of division shows little chanée'(IOZI}

Paulton (77) has observed, by using céll-wall specific staining,

that Bacillus subtilis cells growing at different rates actually demon-
straté a constant period between the initiation of a septum and cell
division involving that septum. The division rate is determined by

the rate of initiation of septa. Escherichia coli is not multiseptate-

but Adler gﬁ_gl:'(Z) observed microscopically that septum formation is
apparent between half and three-quarters of the way through the cell

cycle.



Further investigations of normally growing cells have used
synchronised populations so that change in the cell cycle could be
monitored sequentially. The growth rate has been found to change with
cell age however, reports differ in how the rate changes, varying from
several different rates per cycle (67) to a simple doubling in rate
as a specific age per cell cycle (59). Changes have been found for -
enzyme activity (always equated to.enzyme synthesfs although not proven)
such that some enzymes demonstrate distinct changes in their activity
at points within the cell ‘cycle, presumably due to a doubling in the
~gene contro]liﬁg that eniyme'production (33). The nucleoside tri-
phosphate pools have been shown to fluétuate with cell age, the changeS‘
being consistent with changes in fhe known pattern of discontinuous
DNA sYnthesism A correlation has also béen suggested between the level
of one or more nucleotides and the control for cell division (46).

This suggestion of .linking a DNA precursor with cell division control

is based on the knowledge, also obtained from synchronised cultures,
that completion of a round of DNA replication is necessary for cell
division (16, 42). Inhibition of DNA synthesis before completion

blocks cell division; but inhibition of DNA synthesis after completion,
ie. during the next_cycle, does not block cell division (16, 42). The
completion of a round of DNA replication changes the number of DNA
synthetic regions and would be expected to alter the pool lévels of
precursors. This-could be fhe'required situation to initiate the

division -processes (46).



Adler et al. (2) and Paulton (77) observed microscopically that
cell division was initiated considerably before cell separation.
élark (17) used sonication and bacteriophage to produce localized
breaks in the cell surface andishOwed'that‘in a synchronous population
an.increase in survivors occurred before cell division, "indicating
a period of physiological division before physical division. This was
substantiated by Daniels (22), who, using the raté of incorporation
of giycerol—2—3H.as a measuré of membrape synthesis, found a dramatic
increase in the rate of synthesis of membrane slightly before cell
division in a synchronised population presumably due to septum synthesis.
Recently Groves and Clark (37) have demonstrated that the timing of .
synthesis of autolytic enzymes is also related fo'the cell cycle.
Using chloramphenicol to block the synthesis of such enzymes at dif-
ferent cell ages, the subsequent cell lysis in the presence of ampicillin
indicates a possibility of 'separating the autolytic enzymes temporarily
within the cell cycle and also into those involved with definite
.thSiological processes ‘such as cell division or nuclear segregation.
The benefit of a’synchronized culture, ie. enrichment of the cell
division process, can be mimicked by using a nutritional shift-down
as described by Ballestra and Schaechter (5). Using this technique
they have described the changes in the fatfos of the different phospho-

lipids of Escherichia coli specifically occurring during cell division.

The rate of synthesis of phosphatidyl-ethanolamine increased whereas

that of phosphatidyl-glycerol decreased. A second type of shift, that



6f temperature, has also been used on normal cells and it has been
found that the cell division process appears to be particularly
sensitive to high temperatures. Steed and Murray (107) were able

to show by electron microscopy a cross membrane, visible prior ‘to
division, in gram-negative organisms which had been placed at 45 C,
thus showing a change from the normal gram-negative division by
constriction. Shith and Pardee (103) described a thermolabile protein

synthesized early in the cell division cycle of Escherichia coli which

was inactivated by a period of 15 minutes growth at 45 C. This protein
was required for cell division to occur. This latter work, together:
with those.of Adler (2), Groves et al. (37), Daniels (22), Padlton (77)
and Clark (17) described earlier, suggest that the visible process of
cell division is only the termipation of a sérieslof metabolic events
which may have started one or more cell generations.earlier.

Cell division inhibitors: .

Many inhibitors are known to prévent cell division and ‘allow
filamentation -eg. penicillin (30) which blocks cell wall synthesis
(108); m-cresol (23) which interferes with membrane integrity; mito-
mycin € (99), ultra-violet 1ight (6, 78) aﬁd’nalidixic acid (34), all
inhibitors of DNA synthesis; -azaserine (14) an inhibitor of purine
biosynthesis; 5-diazouracil (83) and D-serine (38), whose direct
actions are not yet ascertained but probably affect RNA (82) and
pantothenate (39) biosyntheses réspectively; ‘novobiocin (70) which

inhibits many biochemical steps. (104); magnesium (114) and thymine



(18, 32) deficiencies, and the application‘of extreme pressure (118).
Filamentation is the result of .inhibition of cell division without
complete inhibition of cell growth. Because of the varied sites of
ihhibition of the above inhibitors, filament induction cannot be
attributed to blockage of a single‘biochemical reaction, although
the above inhibitors could conceivably-all affept the same reaction
indiréqtlyf [t ‘has been proposed, however, that changeé in cell
shape, and induction of filamentation particularly, are due’to a
specific inhibition of cell wall sYnthesis (8, 76). Support is
furn}shed by the finding fhat very low levels of penicillin speci~
fically block cell division and higher concentratidns'preferentially‘
cause cell lysis at division sites (97).
| When protein synthesis is inhibited, e.g. by addition of chloram-
phenicol or amino acid starvation, filamentation does not occur. A

period of residual cell division results, followed by inhibition of

both cell division and growth (80, ‘94). - Residual division also occurs -

following a block in DNA synthesis e;g. nalidixic acid addition,
thymine starvation (16, 42), however filamentation then follows as in-
hibition of .DNA .synthesis does not inhibit cell gfowth.

" Cell division mutations:

As an‘alternative to the additiqn of external inhibitors much use

has been made of "internal inhibitors", ie. mutations blocked at a
stage in cell division. Most mutations of this kind aré conditional

a$ their expression is lethal, however there are at least some cell



division processes in Escherichia coli for which mutations “have been

found ‘which are not conditional. Examples are septum positioning,“
which is apparently incorrectly controlled in the "mini-cell!' mutation
1), producing very small DNA-less cells; cell separation, which does"
not occur ‘in a mutant described by Normack, Boman and Marsson (72)h
and therefore produces chains of cells; and cell size control which

is lost in the mon mutation (4), giving rise to abnormally large cells.

Conditional mutations have added much to the knowledge of cell
division, howe?er many of the mutations are only indirectly related
to cell division. Mutants are available which under the non-permissive
conditions do not synthesize DNA (44, 110), or do not reinitiate DNA
synthesis following completion of a round of DNA replication (58), or
do not segregaté completed genomes (44). From such mutants the direct
1ink§ge béfWeen DNA synthesis and cell division has been confirmed.
Mutants in cell wall synthesis aré also available (68, 109), and in’
one case, the cell wall content of choline and ethanolamine can be
varied (109). This affects the substrate for autolytic enzymes which
in turn has shown a requirement for the expression ofuaqthQtic enzymes.
in cell division.

There are, however, many mutants which appear to be involved’
directly with cell division and its control. Most conditional mutants.
are temperature sensitive. Mutants of this type have been describéd
which have lost the coordination of DNA synthesis‘and cell division

such that even when DNA synthesis is inhibited, cell division continues



_giving rise to DNA-less cells.(43,47). Other mutants appear to lose
the ''trigger' for division at the non-permissive tehperature and al-
though all cellular synthesés»continue, ce]l division does not occur
and long coenocytic filaments are formed (44, 60, 71, 110). Some
mutants still divide at the non-permissive'femperature, but this
division is irregular'gEVing rise to Bizafre cell 5hapesf(T3) or the
e*ceSsive production of membranes (115). A mutant has been described
which, if incubated at 45 C in liquid media and subsequently grown on
solid media at either 37 C or 45 C, divfdés if at 45 C but not if at
37 C, ie. a period at 45 C'conditions the cell division mechanism to
function-on solid media at 45 C but not at 37 €-(102). A second group
of conditional cell division mutants exist which only divide normally

when the external environment is supplemented. 'Bacillus subtilis

mutants have been described which grow as ‘very misshapen cells -unless
a high osmotic environment is supplied (90). A mutant of Escherichia
colt is known which forms filaments unless canavanine is added to-
the medium (61).

A much studied -conditional mutant is that described as lon in

Escherichia coli K12 (3) and as uvs in Escherichia coli B (25). " The

‘ability to divide is lost by this mutant following an exposure to a
low level of ultra-violet irradiation, although growth is not inhibited
and filaments are thus produced (3).

Comparison of dividing and non-dividing cells:

The inhibition of cell division allows the comparison of ‘dividing

cells with non-dividing cells. [f the inhibition or conditional



mdtation is reversible then the reqUTrements.for, and the events
‘preceding and during the onset of division of the no longer inhibited
cells, éan be stﬁdied. The biochemistfy of non-dividing cells, es=
pecially the membrane and cell wall composition, has been compared with
that of dividing cells using both inhibitorsvand mutations to prevent
division. FilamentS'prodﬁced by addition of penicillin (106) have

been shown to produce more cardiolipin and less phosphatidyl glycerol
than normally dfviding cells and on addition of penicillinase, this
sitﬁation is reverséd until the control rates of phospholipid s?ntheses
'aré obtained. The phospholipid énd‘fétty acid composition of filaments
'prodﬁéed by a DNA "initiator'" mutant (unable to initiate new rounds of
DNA replication at the non-permissive temperature) have been compared
with the parent cell composition (79). The mutant contains much more
anionic phospholipids (cardiolipin and phosphatidyl glycerol) than

the parent. The fatty acid composition also differs in the two strains
with a signfficanttincrease in the cyclic fatty acids in the filamentous
cells. The proteins contained within the cell envelope of dividing and’
non-dividing cells, have also been compared. (49, .51, 98, 100). Use has
beén made of a doﬁbling’labelling technique whereby the proteins produced
by filaments are labelled with one type of radioactive precursor, eg.
“tritium labelled, and the proteins of dividing cells are labelled with
the same precursor compound containing a different radioactive label,
'ég. carbon-14. Extraction oflthe'proteins and comparison of the label

of each kind in each protein by gel-electrophoresis allows the definition
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of proteins made preferentially by dividing or non-dividing cells.’

All non-dividing cells, as reported by Inouye and co-workers (49; 51),
preferentially produce a protein of molecular weight 39,000 and in.some
cases a second protéih.of'molecu]ar weight 80,000. if filamentation is
produced by DNA inhibition, either by addition of ‘inhibitors or ‘use

of conditional DNA synthesis mutants, then the filaments also lack
proteins (5) which are presumed t6 be invoiVed in DNA synthesis (49,
98, 100).

The cell wall structure has been analysed chemically in dividing-
and ihéorrectly_dividmng cells, and differences in the degreé of muco--
peptide cross-1inking have been reported (88).. The abnormal cells
have a mucopeptide with less cross linking. Electron microscopy
of cells grown at the non-permissive temperature has demonstrated
that in one case (20) the abnormal morphology can be corrélated
directly with the absence of a cell wall layer, tentatively identified
as the mucopeptide layer, combined with the random localization of septa:

Removal of cell division inhibition:"

Remoyél of the inhibition of division has given the most direct
information on the requirements for céll division. Removal of inhi-.
bition can sometimes be done by removal of the inhibitor orereplacement
in the permissive conditions, but in some cases, conditions which are
not the reverse of those used to inhibit division, have been found to
permit cell division. The production of a high osmotic environment

allows a temperature-sensitive filament-former to divide at the non-.
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permissive ‘temperature (86). A different temperature sensitive
mutant, described by Kirby, Jacob’and Goldthwaite (56), divides ‘if more
specific additions are made, ie. addition of guanine plus cytosine.

Reversion té a -normal morphology occurs by addition of glutamine to a

Egg:;mutaht.of Bacillus subtilis (89) .- A decrease in growth rate, ie.
shifting from rich to minimal medium, has been found to induce division
in filaﬁents,produced by u]tra-violet‘irradiatiOn'(Z).- Addition -of
pantoyl-lactone also caused these filaments produced by irradiation,

to divide (38), although this may be a result of a deleterious effect
of this compound on growth rate (2), and not a specific effect on the
cell division mechanism. = A complex,substance, which 'is lipase and

temperature sensitive, has been extracted from Eschérichia coli which

on-addition tO'lgﬂ_fiJaments induces division without slowing the
~growth rate’ (29).- A substance extracted from yeasts and similarly
affecting cell division of yeasts, has also been describéd'(]12).

When a non-dividing cell is permitted to proceed to division,:
processes directly involved in division may be ‘more ‘easily :demonstrated.
The use of DNA synthesis inhibitors allowed the demonstration that
only when DNA replication was‘comp]etedAwas cell division permitted
(16, 17 42). A direct correlation has been found between the ratio of
protein:DNA in-the division of filaments produced by thymine starvation,
ie. on resuhption of DNA synthesis there is no division unti#l the
protein:DNA ratio has returned to normal (26, 28). - This is not true

for division of lon filaments, which do not divide until considerably



after the protein:DNA ratio has returned to normal (62). Comparison
of mﬁtants blocked in.cell division by arginine starvation with the
'same cells following addition of arginine, has demonstrated that the
internal ratio of spermfdineito putrescine {s important for ce11 
division control (50), ie. a high putrescine to spermidine ratio is
needed for ‘division to occur.

As -yet no definite biochemical step has been demonstrated as a
"division process'' although several of the mutations have 'been mapped
(1, 4, 44, 58). The involvement of proteins in the control of cell
division has been demonstrated however by genetic means, as two specific
~genetic division releasing conditions have been found. An ochre
suppressor mutation placed in a lggi;strain decreases filamentation
indicating that the genetic lesion is expressed as a protein which
can be suppressed into a functional form (65).  In the second system,
the presence of a Eggéiﬁmutation allows thé division of a temperature
sensitive mutant at the non-permissive temperature (48). This suggests
that the Eggﬁi_product normally inhibits division by acting as a negative
contfol factor but as yet no real knowlédge of the actual proteins
involved in either system is available.

In the présent work, | describe a reversible temperature sensitive
mutation which is apparently directly involved in cell division. By
use of the permissive and non-permissive conditions, it is possible to
produce the situatfoné'of division, non-division. filamentation and

“"'recovery'' division -of filaments, ie. division fdllowihg the removal

12



of division inhibition. | have investigated the control of division
as related to macromolecular syntheses and also the biochemistry of

the cell envelope in the three division situations.
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MATERIALS AND METHODS

1. Bacterial strains and culture conditions

1. ‘Organisms
Many temperature-sensitive cell division mutants were derived

by :Groves (37) from Escherichia coli AB-1157 Sm/r, gal , xyl , mtl

which ‘was obtained'from E.A. Adelberg. All mutants behaVe normally
at the permissive temperature (30 C) and exhibit abnormal division
patterns atvthe non-permissive temperature.(hz C). One of these
division mutants, laboratory strain BUG-6, was selected for detailed
analysis.

Cﬁltﬁres were incubated in’Erlénméyer flasks containing nutrient
‘broth (3 g beef extract per 1, 5 g pepticase per 1 and 5 g NaCl per 1),
adjﬁsted»to pH 7.3 maintained at constant temperature in a shaking water
bath. For experiments in which DNA,RNA protein or 1ipid synthesis was
measured, a minimal salts medium (007) previously described (16) was
.subplemented with 1 g pepticase per 1 and 2 g glucose per 1. For
experiments in which membrane proteins were analyzed, the concentration
of_minimal‘sa]ts was halved and the supplements were 80 mg pepticase per
l'and 2 g glﬁcose per 1. The cell numbers and cell size were measured
with a modified Coulter Counter coupled to a pulse-height‘analyze? (16).

3. 'Basic experimental conditions

One of the experimental designs was used repeatedly. A culture

14



15

growing at the permissive temperature (30 C) was divided and part

of the culture placed at the non-permissivé temperature (42 C).

After andefined time at the non-permissive temperature, the culture
was again subdivided and a portion returned to the permissive -tempera-
ture (30 C). - This incubation at the permissive temperature is referréd
to as the ''recovery period'. .

L. Synchronised growth

Synchronised populations of cells were obtained by using thé
membrane technique devised by Helmstettef énd>Cummings (41) . Because
the cells were grown in a rich medfum, it was necéssary to use a
Millipore membrane of pore size 0.8 ﬁ.

5. Removal of antibiotics from cultures

Some experiments required theraddition and removal of an
antibiotic from the medium. Removal wés.accomplished by filtering the
cells from the medium plus antjbiotiés using a Millipore membrane of
pore size 0.45 ﬁ, foflowed by washing and resuspending in preconditioned
medium. (Preconditioned medium consists of the same medium as used in
the experiment in which the same organism has grown to approximately
the same cell density as that used in the experiment, - The organism
has been removed by filtration using a Millipore membrane of pore size

0.22 1.)

1.  Céll fractionation

1. Dry weights of cell suspensions

Duplicate or triplicaté'] ml samples of the concentrated cell
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suspensions, in previcusly weighed aluminum foil containers, were

heated atVIOO"C until the moisture had evaporated, and then were trans-
ferred to individual screw-cap jars, each containing a layer of activated
silica gel dessicant (Davidsoﬁ Chemical Company). In this manner,

they were dried té constant wejght, and gﬁe fesults obtained were
corrected for the presence of buffer.

2. Protein, RNA and DNA extraction

A modification of the procedure of Roberts et al.(87) was
employed in the chemical fractionation of the cells. Two cell samples
were compared, one grown at 30 C and one'at 30 C and then at 42 C for
60 mins. The cultures were rapidly chilled and each resuspended in
6 ml of distilled water.

Five ml of this suspension were added to 5 ml of cold 10%
trichloroacetic acid (TCA) in a Pyrex centrifuge tube and the reaction
mixture was held on ice for 30 min. Following centrifugation at 7,500 x-
g for 15 min, the supernatant fluid'(éold TCA-soluble fraction) was
removed and the pellet was resuspended in 5 ml of 75% ethanol (pH 2.5
by addition of dilute stoh)’ with the add of .a Vortex mixer.' The
extraction was carried out at 45 C for 15 min, after which the ethanol-
soluble fraction was recovered by centrifugation. Five ml of 5% TCA
Qere'added to the pellet, and after thorough mixing, the tube was
covered and was incubated at 90 C for 10 min. After cooling, the tube
was centrifuged and the supernatant fluid (hot TCA-soluble fraction)

was removed. The residual pellet (hot TCA-insoluble fraction) was
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dissolved in 5 ml of 0.1 N NaOH by heating at 50 C for 5 min.

>The acidic-alcohol soluble fraction and the hot TCA-insoluble
fraction were assayed for protein (see section [1l-1).  The hot TCA-
soluble fraction was assayed for RNA and DNA (see sections Il - 2 and 3).-

3. Lipid extraction

The technique of Bligh and Deyer (11) was modified. Chlokofofm
and methanol were added to the cell suspension in the ratio of 1 volume
chloroform: 2 volumes methanol; 0.8 volumes cell suspension. This
mixturé was blendéd (Waring Blender Model 700S) for two minutes, ‘a
further 1 volume of chloroform added and the mixture blended again
for 30 seconds. One volume of water was added followed by 30 seconds
blending before placing the mixture in a separating funnel. The lower
chloroform layer was collected és the major lipid extract.. The upper
alcoholic layer was re-extracted by addition of chloroform and two
chloroform extracts combined, .evaporated to dryness at 40 C to 50 C
under vacuum and the resulting material dissolved' in a small volume,
of chloroform: methanol: water in the ratios by volume 60:30:4.5.

This solution was placéd on top of a column (diameter: héight
ratio 1:10) containing Sephadex G25. The Sephadex G25 was prepared
by washing three times with a large volume of distilled water, six
times with acetone, drying with suction followed by .air drying and
suspending in chloroform; methanol: water in the ratio by volume of
60:30:4.5 for ten m%hutes before placing in the column. The lipid

extract was eluted from the column by addition of more of the same’
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mixture of chloroform:methanol:water followed by chloroform:methanol
in the ratio by volume 2:1.  For each gram of Sephadex G25 used, .15 ml
of the chloroform + methanol + water mixture and 5 ml of the chloroform
+ methanol mixture can be run through the column before elution of
non-Lipid material begins.

The eluant was evaporated under vacuum and the resulting material
redissolved as required for individual lipid separation-or total‘lipid

and phosphorus assays.

111, "Assay Procedures

1. 'Protein
The method of Lowry et al. (63) was employed to determine protein
concentration. ‘Crystalline egg albumin in concentrations ranging from
8 - 42 ﬁg/ml in the reaction mixture were used in preparation of standard
curves.

. 2, 'Deoxyribonucleic acid

The method described by Schneider (96) employed diphenylamine,
which reacts with purine-bound deoxyribose, was used for the determination
of DNA. - Standard curves were prepared from purified calf thymus DNA
(Nutritional Biochemicals Corp.) in the range of concentration of 18 -
lOO.ﬁg/ml in the reaction mixture.

3. Ribonucleic acid

Ribonucleic acid was determined with the use of a modification
of the orcinol procedure of Schneider (96), which measures purine-

bound pentose. The reagent was prepared by adding 1.0 gm of orcinol, in
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10 m1 of 95% ethanol, to 100 ml of concentrated HCl containing 0.2

~gm of anhydrous FeCl,, immediately prior to use. Standard or test

3?
samples contained in 1.5 ml were added to 1.5 ml of the reagent; the
tubes were covered and placed in a boiling water bath for 45 min, and
after cooling, the OD at 660 mﬁ was measured on a Beckman model B
spectrophotometer. Standard curves'were prepared with yeast on RNA
(Nutritional Biochemicals .Corp.) using concentrations between 3 - 18
ﬁg/ml in the reaction mixture.

Because DNA reacts significantly with the orcinol reagent, standard
curves using DNA were made with each assay. Thus, with prior knowledge
of the DNA concentration -in a sample, a correction could be .made for

the contribution made by DNA to the OD in the orcinol reaction.

L. Phosphorus in phospholipid

A modification of "the technique of King (55) was used. The
samples were placed. in 5 ml graduated tubes, which had been prewashed
(24 hours in chromic acid, 5 water rinses,.1 6N HCI rinse and 5 dis-
tilled water rinses), and the samples evaporated to dryness on a steam
bath. 0.5 ml of 70% w/v perchléric acid was added and the samples
digested for two hours on a sand-bath at 220 C. Following cooling 1 ml
of water,,3 ml of 0.4% w/v- ammonium molybdate and 0.2 ml of an amino-

napthol sulphoni¢ acid solution (30 g NaHSO4 or 28.5 g Na S + 6g

2%
Na2503 + 0.5 g aminonapthol sulphonic¢ acid, made up to 250 ml with

water) were added to each tube. The tubes were placed at 100 C for

10 minutes and the final volume in each tube brought to 5 ml by addition



of water. The OD at 820 mﬁ was. read on an Hitachi-Perkin-Elmer
spectrophotometer model 124.

The standard curve was prepared from dried_KHzPohf(l.S g KHZPoh
per 100-ml of water i$ 0;3h14vg phosphorus pef 100 m1 of water) and was

in the range 0.5 - 3 ﬁgP per tube.

[V. - Separation and isolation of individual phospholipids

1. Thin layer ¢hromatography

Separation and qualitative identification of individual phospho-
lipids was- accomplished by unidirectional thin layer chromatography.
27 g of Silica gel G waé suspended in 60 ml of water, spread on glass
plafes at' 0.5 mm thickness. These were air dried for 20 to 30 minutes,
then oven dried (110-C) for two hours and stored in a desfccator.

The solvent used for phospholipid separation was chloroform:methanol:
water in the ratio b? volume 95:36:6. For demonstration of the presence
and number- of neutral lipids the plates were prepared in the same way
and the same solvents used however their ratio by volume was changed

té 99:10:1. (No further work was done on neutral lipids).

2. Column chromatography

Preparative separation of individual phospholipids was accom-
plished by column-chromatography. The column material was Silic AR-CC7
(Mallinckrodt- Montreal). Five g Silic AR-CC7 were used for each
milligram of phosphorus (in phospholipids) to be run through the column

(see section llI-4 for phosphorus assay). The Silic AR-CC7 was suspended
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in a small volume of chloroform for 10 minutes before placing in the
column: Several volumes of chloroform were run through the column
until even packing.wés obtained. The sample was. placed on the top of ..
the column in a small volume of chloroform.

Elution was accomplished by sequential addition of  increasingly
more pojar solvents. The volume of each successive solvent added was -
determined by checking the resulting eluant fractions for the presence
of lipid by fhé char test (see section VI - 1) ie, the solvent was not
changed until at least 10 successive fractions contained no lipid
material. A small sample frém each fraction was also applied to a
thin layer plate (see section IV-1) and the phospholipid(s) present
identified (see section Vf—l). The following elution sequence was

found to be successful for separation of the major Escherichia coli

phospholipids;-
i) 100 ml of chloroform - collécted in bulk; contains neutral
lipids and free fatty aﬁids;
i1) 150 m1 of acetone’ - collected in'5 ml fractions; contains
3 unidentified compounds which could not "be further resolved
on Silic AR-CC7.

iii) 200 ml of acetone:methanol (9:1) - collected in 5 ml
fractions; fractions 1 to 10 contains 1 unident ified
compound. Fractions 15 to 30 contain phosphatidyl glycerol.

iv) 100 ml of chlofoform:métﬁénol (9:1)—~collectéd in 5 ml |
| fractiéns; fractions 1 to 15 contain only cardioifpin but
fractionss15 to 20 also contain traces of phosphatidyl

ethanolamine.



v) 200 ml of chloroform:methanol (5:1) - collected in 5 ml
fractions; contains phosphatidyl ethanolamine only.

vi) 100 ml methanol - collécted in bulk contains only 1 com-

pound tentatively identified as lysophosphatidyl ethanolamine.

V. Separation.of fatty acids from phospholipids

The fatty acids were removéd from the phospholipids and methylated
by treatment with the Sweeley reagent (31) consisting of 8.6 ml of -
concentrated HC1 and 9.4 ml of water made up to 100 ml with methanol.
The phospholipids were placed in a tube, evaporated to dryness, the
Sweeley reagent added (1 ml per milligram of sample), the tube sealed
and placed in an oven at 70 C for 18 hours. The resulting material
was washed into a separating funnel with 10 volumes of petrcdleum ether.
A small volume of water was added. After vigorous shaking the top
ether phase was collected and washed several times with water until
the aqueous phase exhibited a neutral pH. The washed ether phase
was evaporated to dryness under vacuum. The resulting methylated
fatty acids were dissolved in a small ( <100 ﬁl) volume of redistilled
hexane and a portion of this material was injected into a Hewlett=
Packard gas-liquid chromatogrdphy system for qualitative separation
of the fatty acids. The gas-=liquid chromatography system was equipped

with a. 6 ft. glass column of 0.25" diameter containing diethylene

~glycolsuccinate on an inert carrier. The operatihg temperature was 160 -C.
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Vi.  Identification of compounds separated by.chromatography

1. Phospholipids

Following separation on a thin layer chromatography plate as
described in section (I1V-1), the sequential treatment of the same plate

with different reagents allows the visualization of NH -containing

2
compounds, P- containing compounds, carbohydrate containing compounds,
and finally all carbon containing compounds.  On all plates, standard
markers were run in paral]e]ywith the unknown for identification
purposés.‘ A1l standards and reagents were kiﬁdly supplied by Dr. D.J.
Hanahan.'.

The NH, -containing compounds, eg. phosphatidyl ethanolamine were

2
visualized by spraying the plate with ninhydrin. The phosphorus con-
taining compounds (all phospholipids) were visualized by spraying with
a molybdenﬁm reagent consisting of 25 ml of solution A + 25 ml of
solution B'+ 90 ml of water, (Solution A was 40.11g MoO3 added to'a
litre of 25N stoh boiled until total dissolution; solution B was'

1.78 g of powdered molybdenum added.to 500 ml of solution A, boiled

for 15 minutes, cooled and decantered from any reéidue). Carbohydrate
containing compounds were identified by.a pink colour reaction to
napthoresorcinol after 5 minutes at 100 C. (Napthoresorcinol reagent"
consists of equal parts of 20% HZSOQ and a solution of 0.1 g napthores-
orcinol in 50 ml of ethanol.) Finally the plates were sprayed with

concentrated HZSOAAand placed in a very hot sealed oven for 5 minutes.

A1l carbon containing compounds char and appear as black spots. The
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plates were photpgraphed after each spray treatment so that a perma-
nent record was obtained.

2. Fatty acids.

Immediately following the gas-liquid chromatography of the
unknown methylated fatty acids standard compounds were applied to the
column for comparison of Rf values. A stanqard curve, used for
estimation of carbon-chain lengths of unidentified compounds, was
produced by plotting the logarithm of the distance of peaks from the
solvent front against the léngth of the carbon-chain of the compound
producing each peak.

To ensure correct identification of compounds, a sample of the
unknown was hydrogenated and then compared By gas=-liquid chromatography
with the unknown before hydrogenatfon. A peak tentatively assigned
to a compound containing an unsaturated bond should disappear and the
size of the peak identified as that containing the same carbon-chaih
length compound but no unsaturated bonds$, should increase. Hydro-
genation wésvaccomplished by dissolving ‘the material in a small volume
of hexane under 50 1b. of hydrogen pressire per square inch in the
presence of'a’platinum oxide catalyst with continuous shaking for 2
hours at room temperature. The catalyst was removed by filtration

before the material was rechromatographed.
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VilI. Determination of rates of macromolecular syntheses

1. Deoxyrfbonucleic.acid_

DNA synthesis was measured by incorporation of C3H -thymidine

3

over aﬁperiod:of 5 minutes. A 1 ml cell sample was added to 0.1 ml

34 ~-thymidine (specific.

3

~activity 20.6 Ci/mM; 1 mCi/ml; Schwarz Bioresearch Inc., Orangetown,

of -labelled thymidine consisting of 2.5 ul C

N.Y.), diluted with unlabelled thymidine to a final concentration of
0.5 ﬁg/ml thymidine. Synthesis was stopped by adding 2 ml of cold
7.5% trichloracetic acid (TCA) containing 200 ug/ml ‘of thymidine.
Each sample was filtered through a 0.45ﬁ Millipore membrane and
washed with 5 volumes of cold TCA and 3 volumes of 90 C water. The
membranes were dried and placed'in scintillation vials and toluene
based scintillation fluid added. The vials were counted in a Nuclear
Chicago scintillation counter.

. 2.. ‘Ribonucleic¢ acid

The 'same technique as used for DNA measurements was employed
for RNA labelling with the following modifications. 0.1 ml of a 1/10
dilution of uracil-2414C (specific activity 46.7 mCi/mM; 0.1 mCi/ml;
Schwarz Bioresearch Inc., Orangeburg; N.Y.) was added to the 1 ml cell
samples and the trichloracetic acid contained 200 ug/ml of unlabelled
uracil.

3. ‘Protein
The same technique as used for DNA measurements was employed

for protein labelling with the following modifications. 0.1 ml of a
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1/10 dilution of a mixture of 15 different nonspecifically, tritium
labelled amino acids (specific activity of 16.1 mCi/mg; New England
Nuclear Corp., Boston, Mass.) was added to 1 ml of.cell sample.
The trichloracetic acid contained 200 ﬁg'of pepticase/ml.
h. Lipid |
i) The same technique as used for DNA measurements was

employed<f0r total lipid labelling with ‘the Foilowing modifications. "’
A 1 ml cell sample was added to 0.1 ml of labelled glycerol con-
sisting of. 1 ﬁl g]ycérol;2-3H (specific activity 420 mCi/mM; 1 mCi/ml;
Amersham/Searle, Des Plaines, 111.), diluted with unlabelled glycerol’
to a final concentration of 0.5 ug glycerol/ml. The incorporation
period was reduced from 5 minutes to 3 minutes and tfichloracetic
acid containing 200 ﬁg of glycerol/ml.

| ii) When the.rate of synthesié of'individual.phosphblipids
was investigatéd, the foliowing modifications were necessary. Each

sample consisted of 5 ml of cells and.the glycerol-z-3

H, although
the same concentration as in i) above had double the specific activity.
The Millipore membrane plus washed cells were not placed in scintil-
Iatiqn vials but were eXtractéd with chloroform:methanol:water by the
proceduré of Bligh and Deyer (11) described in section (11-3).  The
Sephadex<G25 column_purification step was omitted.

The extracted phospholipids were evaporated to dryness by

bubbling a stream of dry nitrogen through the chloroform solution.

The phospholipids were redissolved in a known volume.of chloroform
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and 95% of each sample was chromatographed in a parallel with the
other samples on thin iayer plates as described in section (iV-1).
The remaining 5%'s of each sample, was spotted on a portion of the
plate which would not be approached by the solvent system. Following
chrométography, the spots were localized under ultra-violet light,
each spot was scraped frém the plate, placed in a scintillation vial
and counted. The 5% of each sample not affected by the solvent was
also scraped froﬁ the plate and counted so that an estimate of the
total radioactivity in each sample could be obtained. By comparison
of the counts from each identified compound with the total number pf
counts applied, the relative contribution of each phospholipid, and
any change in the amount of material applied to the plate which could

not be identified could be determined. -

VIIl., Analysis of céll envelope protein

1. lIsolation procedures

Two- isolation procedures were used so that results from total
cell envelope preparations could be compared to results from purified
cytoplasmic membrane preparations. . In both cases, a double labelling
technique was employed whereby cells grown under one condition were
labelled with lhc-amino acids and cells grown under the second

3

conditions weré labelled with “H-amino acids. Comparison of the per-
centage of each label in a particular protein indicated the relative

amounts of that protein synthesized under ‘the two conditions.
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i) Total cell envelope preparations were obtained by a
modification of the technique of Inouye and Guthrie (49). The cells
were grown in the mediuﬁ as described in section (1 - 2), the length.
of time ‘and the temperatbre of labelling differed depending on the
particular experiment. In no case_did the cell density exceed
1 x 108 cells/ml. For each litre of medium, either 20 uCi of'non-
specifically labelled lhc-amino acids (specffic activity 0.1 mCi/ml;
0.067 mg/ml; New England Nuclear, 575 Albany St., Boston, Mass.) or -
100 ﬂpi of ‘non-specifically labellied 3H-amino-acids (Specific activity
0.5 mCi/ml; 0.0342 mg/m], New.England Nuclear, 575 Albany St., Boston,.
Mass.) were added. On completion of the labelling period the cultures
‘'were rapidly chilled by placing the containing flask in a bath of
acetone containing solid carbon dioxide. |[f removal of the radioactive
label was required, then filtration and resuspension in preconditioned
non-radioactive medium was used as described in section (1 - 5).

The chilled cell suspensions, labelled with ]hc-amino acids -under
one condition and 3H-amino acids under the second condition were
mixed and centrifuged at 4 C at 5000 rpm for 15 minutes in a Servall
SS§-3 refrigerated centrifuge. The cell pe]]et‘was washed 3 times
with 0.01 M phosphate buffer, pH 7.1 and then resuspended in 10 ml
of the same buffer at 4 C. The suspension was sonicated for four
lrminute.periods using a Biosonik mode]'Bronwill éonicator, at setting
160'. The suspension was then centrifuged for 15 minutes at 5000

rpm in a Servall SS-1 at 4 C. The supernatant was collected. The



pellet was resuspended,;sonicated again using the same protocol and
following centhfugation this supernatant was mixed with the original
supernatant; The combined supernatants were centrifuged at 15000 rpm
in a Servall S§§-1 at &4 C for 90 minutes. The resulting supernatant
was. removed, freeze dried and stored for later investigation by
polyacrylamide disc-gel electrophoresis as the ''non-particulate
fraction”. The pellet was'washedvtwice using the same buffer and’
centrifuged settings. The final pellet constituted the cell ‘envel-

opé Fkéction.

! ii) Purified cell membranes were obtained exactly as described
by Shapifo et al. (98). The basic difference from the technique
described in section (VIII-1i) being the use of ethylene diamine-tetra-
acetic acid + lysozyme to digest away mucopeptide material and the

use of sucrose gradients to separate the membrane from contaminating

material.

2. Disaggregation of proteins

i) Cell envelopes as prepared by technique (i) above, were
disaggregated in 0.01 M sodium phosphate buffer, pH 7.1 + 1% w/v
mercaptoethanol + 1% w/v sodiﬁm dodecyl sulphate + 10% w/v glycerol at
70 C for 20 minutes. (Other temperatures and times were uged'but
little variation in final results occurred and the described conditions
appeared optimum for disaggregation.)

ii) Cell membrane préparations, and the ''"non-particulate

fraction'' were disaggregated as described by Shapiro et al. (98)
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using 40 minutes at 40 C.

3. Electrophoresis

The 7.5%‘polyacrylamid¢ gel‘solutiqn was prepared by mixing
6 ml of buffer (0.1 M sodium phosphate, pH 7.1‘+ 0.1% w/v sodium
dodecyi sulphate) + 5.4 ml of acrylamide solution (3.9 gm acrylamide
+ 0.15 gm bis-acrylamidé in 25 ml of the same buffer) +'0.6 ml of
ammonium persulphate solution (15 mg/ml of water, made freshly on each
occasion) + 5% of N,N,N',N-tetramethylethylenediamine (Canal
Industrial Co., Rockville, Md.). The solution was pipetfed into
glass tubes and a small volume of water caréfully layered on the
surface of the polymerising material so that when the gel solidified
(approximately 20 minutes after mixing the reagents) it would have
a flat upper surface.

The water was removed when the solution had gelled. The gels were
placed in an electrophoresis apparatus, the sample plus tracking dye
carefully placed on the top of the gel, both reservoirs filled with-
0.1 M phosphate buffer +.0.1% sodium dodecyl suiphate and the electro-
phoresis was run for 7 hours-at 5 milliamps/gel. Ffollowing electro-
phoresis, the gels were fixed in 20% w/v sulphosalicylic acid for
12 - 18 hours.

L. Gel slicing and counting

The fixed gels were washed with water and then frozen. The
frozen gels were sliced into 1 mm thick discs using a mechanical gel

slicer (Mickle Laboratory Engineering Co., Gomshall, Surrey, England).
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The discs were placed in scintillation vials and 0.5 ml of NCS
solubilizer solution (Amersham/Searle Co., Des Plaineé, 111.) was

added to each vial.  The NCS was diluted 9 volumes NCS to 1 volume
water before addfng to the vials, The vials were incubated at 50 C

for 6 - 8 hours before 10 ml1 of scihtillation fluid was added.‘ (4 gm
of 2,5-diphenyloxazole +:0.05 gm of 1,4-(2-(5-phenyl oxazolyi))-benzene
per litre of ‘toluene). The sampleé were counted fn'a Nuclear Chicago
scintillation counter model Unilux Il adjusted so that less than 0.1%
of tritium counfs registered in the carbon-14 channel. The final
counts were corrected for efficiency of countingfmn each channel and
for percentage of carbon—lh»counts registered in the tritium channel.
Calculations were based on results obtained using known standards
prepared by the same technique.. The radioactivity in a single 'disc

is expressed as a percentage of the total radioactivity of that isotope’

which entered the gel.

5. Standard curve for mo]ecular weight'estimation-
A standard curve of Rf values was produced from cytochrome
C (mélecularrweight 12,400), myoglobin (molecular weight 17,800), -
chymotrypsinogen (molecular weight 25,000), ovalbumin (motecular
weight 45,000) and albumin (molecular weight'67,000).
The standards were treated with the SDS-disaggregation solution
beforé being run in parallel with the experiment gels. The standard

proteins were localized by chemicalbstaining;
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IX. Autoradiography

Cells were grown in minimal medium with 1 'gm pepticase per 1, 2

gm déxtrose per 1, 250 mg deoxyadenosine per 1 to ensure incorpora-

3

tion of thymidine (12), 5'mg thymidine per 1 and 5 ml C’H,-thymidiné

3

per 1 (specific activity 12.2 Ci/mM; 1 mCi/2 ml; Schwarz Bioresearch

Inc., Orangeburg, N.Y.) at 30 C for-a total of 20 generations, and

7

diluted to give a culture.containing 5 x 10" cells/mi. The cells

were filtered from the medium and washed three times with fresh medium

3H ~thymidine and resuspended in this medium at 42 C.

3

Samples were taken after -various periods at 42 C and autoradiography

minus the C

carried out as described by Caro (15). [11ford L4 Nuclear Emuision
was used. After exposure and development, the preparations were ob-

served by phase contrast using a Zeiss microscope equipped for photography.

X. Microscopy

1. Light microscopy

Cg]ls were grown in-nutrieht broth at 42 C until long fila-
ments were produéed.‘ These were inoculated by means of a pasteur
pipette onto nutrient agar covered microscope slides and placed in a
humid atmosphere at 30 C. After periods of time at 30 C, slides weré
removed and the fragmenting filaments and developing microcolonies
observed and photographed by phase contrast microscopy.

2. Electron microscopy

During filamentation at 42 C and subsequent recovery at 30 C,



33

9 ml cell samples were added to 1 ml of 5% v/v glutaraldehyde buffered
to pH 7.2 in 0.2 M sodium cacodylate (92). The samples were immediately
centrifuged and resuspended in 1 ml of buffered 0:05% glutaraldehyde
for 10 hours.

Secondary fixation at room temperature in acetate-veronal-buffered
1% osmium tetroxide, and subsequent washing, agar embedding and treat-
ment with uranyl acetate were done according to Ryter and Kellenberger:
(91). Dehydration and Epon embeddiné were done according to Luft (64).

Sections were cut with a glass knife on an LKB Type 4801A ultra-
tome and placed on carbon-formvar-coated grids. All sections were
stained for 3 minutes with alkaline lead citrate (85). Examination

and photography were done with.a Phillips EM 300 electron microscope.



RESULTS

I. Division kinetics of Escherichia coli BUG-6

1. Determination of non-permissive temperature’

During the initial isolation of the cell division mutants
(37), L2 C was always used as the non-permissive temperature, however

it was possible that the known inability of Escherichia coli BUG-6

to divide at 42 C would extend to temperatures below 42 C, nearer the
optimum temperature for growth.

Escherichia coli BUG-6 was grown for several generations at 30 C

and thé culture then subdivided. The subcultures were placed at 36 C,
38 C, 40 C and 42 C. The 42 C culture stopped dividing almost im-
mediately and the cell number remained constant for the remainder of

the experiment. The culture at 40 C, stopped’dividing after approxi-
mately 10 minutes and then resumed dividing at a rapid rate, 35

minutes after the 30 C»> 40 Cbshift; During the period of non-division,
"cell size increased. The culture shifted from 30 C to 38 C or 36 C,

did not stopedvaividing but divided ‘at a slower rate and eventually

assumed the rate characteristic of Escherichia coli BUG-6 grown at

38 C and 36 C, Figure 1. From this result, 42 C was subsequently
used as the non-permissive temperature and 30 C as the permissive

temperature.

2. The effect of different time periods at 42 C on recovery at

30 C

Escherichia coli BUG-6 was grown for several generations at
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Figuré 1.

MINUTES

‘The effect on-céll division of shifting Eschérichia
~coli BUG-6 from 30 C to -higher temperatures.

E. coli BUG-6 was grown in broth for several genera-
tions at 30 C (0) and then subdivided at the time
indicatéd by the arrow and subcultures placed at

36 ¢ (O), 38¢c (4), 40c (A) and 42 c (0). -
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30 C and then shifted'to 42 € for different lengths of time. In
Figure 2 zero time is the time when the 42 C'subculturés were replaced
at 30 C. The open éircles represent growth of the gontrd]-cu]turé
at 30 C. One minute incubation at 42 C (Figure 2a),.has little effect
on the division of the cells, but a two minute pulse (Figure 2b),
at ‘42 C, causes a lag before division resumes and 34 minutes is re--
quired at 30 C before the control value is attained. These ‘experiments
are summarized in Figure 3. The time required for 'the cell number of
the culture incubated at 42 C to reach the 30 C control value is
plotted against the length of the period at 42 C. This time is 34
minutes for pulses of 2, 3, and 4 minutes (Figures 2b, 2c, 2d).. The
period decreases rapidly to é~1ag of 22 to-24 minutes for temperature
pulses exceeding 10 minutes (Figure 2i, 2j). For temperature pulses
. bétween 4 and 10 minutes intermediate length lags are observed (Fig-
ures 2e - 2h).~ |

This recovery period remains constant until the length of the 42 c
pulse exceeds 35 minutes when the recovery period required to reach
the 30 C control cell number increases again. In Figure 4, the recovéry
patterns at 30 C- following periods of 45, 60, 75, 90 and 105 minutes
at 42 C are shown. In each case, 15 minutes is required before cell
division starts and then one rapid doubling of cell number occurs
followed by a slower rate of division until the control rate of cell

division at 30 C is obtained.
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The effect on cell division of shifting Escherichia

coli BUG-6 from 30 C to 42 C for different time-
intervals. - E. coll BUG-6 was.grown in broth for
several generatlons at 30 C ' (0) and then shifted to
42 ¢ (@) for,a)1 min; b) 2 min; c) 3 min; d) 4 min;
e) 5 min; f) 6 min; g) 7 min; h) 8 min; i) 10 min;
j) 12 min before rep]acnng at 30 C. Time 0 min-
represents the time at whi¢h the 42 C cultures

were replaced at 30 C.

37



MINUTES

B
34—
30—
26—
22—
l
o 4 6 8 10 12 14
TIME AT 42° (MINS.)
Figure 3. The variation in recovery time for cultures of

‘Escherichia coli BUG=6 placed at 42 C for different"
time intervals. E. coli ‘BUG-6 was grown for several
generations at 30 C and subcultures placed at 42 C

for different time intervals before replacing at’
30 C. The time réquired for -the cell number of a
subculture to attain the 30 C control value after
being replaced at 30 C is plottéd against the
time that subculture was kept at 42 C.-
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MINUTES

The effect ‘on cell division of shifting" Escherlchla
coll BUG-6 from 30.C to 42 C for different time
intervals. E. coli'BUG-6 was grown.in broth for

several generations at 30 C (0) and at O-'min part of the
cultire was shifted to 42 C (0).  Subcultures from 42 ¢
were repldced 'at 30 C after 45 'min (O ), 60 niin ( @),
75 min (A), 90 min (&) and 105 min (0) at 42 C.



I'l. Microscopy

1. Phase contrast light microscopy

The appearance of the filaments after 3 generations of
growth at the non-permissive temperature is shown in Figure 5.
Photographs were .taken at 10, 45, 90, 150 and 210 minutes after
shifting the cells back to 30 C (Figure 5). The time before fila-
ment fragmentation occurs on the solid medium is much longer than
in liquid medium c.f. Figure 4. - The resulting cells are smaller

-than normal Escherichia coli BUG-6 cells growing at 30 C (Figure 5)

but eventually return to the normal size (Figure 5e, c.f. Figure 8b).

2. Electron microscopy

No cross-septa were found in filamenting cells (Figure 6a).
Filaments were produced at 42 C and then replaced at 30 C. During
the recovery period samples were removed 6, 8, 10 and 12‘minutés after
the 42 C -+ 30 C shift. The typical state of ‘the septum at each time
is shqwn in Figures 6, b,c,d, and e respectively. TwélVe minutes
after the 42 € »> 30 C shift, the filament is dividéd but is not yet

separated.

3.. Autoradiography
Segregation of the nuclei was.followed by labelling the DNA

3

at 30 C with C"H,-thymidine for 20 generations and then allowing

3
filaments to form at 42 C in the absence of radioactive label. Auto-
radiograms of the filaments indicaté normal segregation, as seen in

Figure 7. i.e. the DNA is segregated throughout the length of the

filament.



Figure 5. Fragmentation of BUG-6 filaments ‘during recovery
at 30 C. After three generations at 42 C, fila-
ments were inoculated on slides precoated with
nutrient "agar .and incubated at 30 C.  Slides’
were removed at 10 (a), 45 (b), 90 (¢), 150 (d),
and 210 (e) minutes and examined by using a
Zeiss phase-contrast microscope. Magnification
of these photographs. is ‘approximately 5,000 X.



Figure 5 (a)

Figure 5 (b)
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Figure 5 (c)

VFiguré. 5 (d)
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Figure 5 (e)




Figure 6.

Electron microscopy of Escherichia coli BUG-6
grown at 42 C and during recovery at 30 C.

A culture of E. coli BUG-6 was grown for 60 min

at 42 C in broth and then replaced at 30 C.
Samples were rémoved at a) 0 min; b) 4 min;

c) 6 min; d) 8 min; e) 10 min, and f) 12 minutes
after the 42 C to 30 C shift and prepared for
and observed by electron mi¢roscopy:as.described
in Methods, section (X-2). Magnifications are
approximately 6a - 30,000; 6b-g - 120,000 X.



42



L2a




L2p

Figure 6




Figure 7.

Nuclear segregation in BUG-6 at the non-permissive
temperature (42 C) as determined b; autoradiography.
Cells were grown at 30 C in 5 ng C’H,-thymidine per
ml at a specific activity of 1 uC/ug”plus 250 ng
deoxyadenosine per ml for at least 20 generations.
The cells were washed, resuspended in the same medium
plus unlabelled thymidine and grown at 42 C.

Samples removed at intervals were fixed on slides
and coated with Il1ford L4 emulsion. The slides
were developed after an appropriate period of
exposure and examined microscopically.
Magnification is 3000 X.
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T1l. Cell division and macromolecular synthesis at 30 C and 42 C.

Exponential cells which had been grown and measured for at least
6 generations prior to zero time were measured carefully for increase
in cell number for 25 min. At this time, a sample was removed from
the control flask at 30 C and shifted to 42 C. As seen in Figure 8a,
there is an abrupt cessation in increase in cell numbers and the cell
number remains constant for the duration at 42 C. On the other hand,
the mass continues to increase as indicated by an increase in the
peak channel position in the Coulter Counter (Figure 8b). After 45
min at 42 C, a sample was returned to 30 C and the recovery of the
cells at the permissive temperature was obsérved. An abrupt increase
in cell number occurs after a lag of about 10 - 15 'min during the
‘recovery period (Figure 8b). The average cell size returns to slightly
smaller than that of a cell during balanced growth at 30 C (Figure 8b).

Analysis of the rate of total protein, RNA and DNA synthesis
during the course of the experiment is given in Figure 9. The rate
of protein synthésis per cell is constant during growth at 30 C and
increases exponentially during incubation at AZ C. As the cells are
shifted to 30 C during the recovery period, the rate quickly assumes
the control rate coincident with the abrupt increase in cell number
at about 90 min. The rate of RNA synthesis as measured by the incorp-
oration of 1L}C-uracil during short puises, was almost identical to

the pattern observed for protein synthesis (Figure 9).
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Cell number (A) and cell size (B) of BUG-6 as a
functlon of time at the permissive (30 C) and at the
non-permissive (42 C) temperature. Part of a
culture grown for several generations at 30 C (0)
was shifted to 42 € at 25 min (0). After 45 min

at 42 C, part of this culture was returned to 30 C (0).
Cell size changes are monitored by plotting the

position of the peak of the size distribution

obtained from a pulse height analyser attached to a
Coulter counter. This fachines is capable of separat-
Ing a population of cells into 512 relative sizes and
depicting the number of cells of each size.
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Figure 9.

The rate of protéin RNA and DNA synthesis per
cell number in BUG- -6 as a function of time at
the permissive (30 C) and non-permissive (42 C)
temperature. A culture in the steady state

at 30 C (0) was divided, ‘and part of the culture
was. placed at 42 C (8). After a period of

~growth at 42 ¢ that culture was again divided,

and part of it was returned ts 30 C (0).
(i) Protein, (ii) RNA, and (iii) DNA synthesis
were measured by 5-min exposures of 1 ml

samples to (|) 1 uCi per ml of 3H -amino acid

mixture at a specific activity of 16.1 mCi/mg

to the 007 medium containing 1 mg of ‘pepticase

per ml, (ii) 5 ug.of uracil- -2-Th¢ atra specific
aCtIVIty of 46 7 uCi/umole, and (iii) 0.5 g

of thymtdlne- CH, at a specific act|V|ty of
3.87 Ci/mmole. ?ncorporatlon was terminated

by addition of two volumes of 7.5% cold
trichloroacetic acid containing 200 ug of .

the appropriate unlabelled compound/m1.
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The rate of DNA synthesis per cell during growth at 30 C, 42 @ and’
during the recovery period'at 30 C is indicated in Figure 9. The control
has a relatively constant count of 2{5 cpm per ceil.‘ At the time
of the shift to 42°C there is a sudden increase in the rate of thymidine
incorporation to anut 6 cpm per cell. The rate drobs’siightly and
then increases during incubation at 42 C to about 20 épm per cell
at -about 160 minutes. Cells which ére shifted back to 30 C after
incubation at 42 C show an immediate decrease in the rate of thymidine
incorporation, which corresponds closely to the cdntrol level (3.5
cpm per cell count), which increases at about.90 minutes and then,
following division of the filaments, returns to the control level
at about 160 minutes.

The rate of total lipid synthesis per cell during growth at 30 C,
42 C and during thé recovery period at 30 C, measured by glycerol-2-
3H incorporation, is shown in Figure 10. The rate of lipid synthesis
per cell is constant during growth at 30 C and increases exponentially
at'42 C. The changes in rate of lipid synthesis during the recovery
period are different from the changes in rate observed for protein,
RNA and DNA synthesis. Dur}ng the period between the 42 C +‘3O o
shift and filament division, a high rate of label incorporation is
maintained and even after the rapid division phase, at 90 minutes, .

a rate of incorporatiqn double that of the 30 C control is observed.

The raté then gradually decreases to that of the control by 120 minutes.

These results indicate that the filaments producedvaf 42 ¢
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Figure 10.
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The rate of lipid synthesis per cell number in
Escherichia coli BUG-6 as a function of time at

the permissive (30 C) and non-permissive (42 C)

temperature. An exponential culture at 30 C (0)
was divided and part placed ‘at 42 C (®). After’
45 minutes at 42 C that culture was again divided
arid part of it returned to 30 C (0). Lipid
synthesis was measured by 3 minute exposures of

1 ml samples to 0.5 ug of glycerol containing

1 pCi of glycerol-2-3H. Incorporation was. termi-
nated by the addition of 2 volumes of 7.5% w/v
cold trichloracetic acid containing 200 ug
glycerol/ml. '
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continue to synthesize protein, RNA, DNA and lipid and that on
filament frégmentaticn cells which synthesize these macromolecules

at the normal 30 C rate are eventually produced. Because of the

3

abrupt change in the rate of C”"H,-thymidine incorporation following

3
the 30-C + 42 C shift, it was considéred that perhaps this was an
inaccurate measure of DNA synthesis and in ordér to check this pos-
sibility, chemical fractionation of cells grown at 30 C and 30 C
plus 60 minutes at hééc, was carried out. RNA, DNA and protein
contents, as a percentage of dry weight, were compared (Table 1).
Cells grown at 30 C and at 42 C, appear to have very similar DNA:"
3

H3-

thymidine as an indicator of DNA synthesis gives inaccurate results

protein ratios supporting the suggestion that the use of C

immediately following a temperature shift (see above and (103)).

The chemical fractionation also indicates a decrease in the percéntage
of RNA in cells grown at 42 C. This is supported by the uracil-1hc
incorporation studies (Figure 9), which indicates a slower rate of .

RNA synthesis than protein synthesis at 42 C, (Figure 9).

IV. Individual phospholipid sxpthesis at 30 C gnd 42.C

The high rate of incorporation of glycerol 2—3H during the
recovery period (Figure 10)$uggested that the rate of 1ipid synthesis
was elevated during this period. This would be predicted if rapid .
synthesis of septa were occurring. Ballestra EE.El:(5) have shown

specific changes in phospholipid composition of cells undergoing
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division. Starka et al. (106) described changes in the ratios of

phospholipids when Escherichia coli cells were converted into

filaments by penicillin treatment..

Table |I. The percéntages of the total dry weight of cells, grown
at 30 C and 30 C + 60 minutes at 42 C, as constituted by

protein, RNA and DNA.

Percentage of dry weight of cells constituted by:-

Growth ‘ :
temperature Protein RNA DNA
30 C 51 ' 36 3.1
30 C + 60 min
at 42 C 56 27 3.2

The rate of synthesis of individual phospholipids was therefore’
investigated to determine which phospholipids were being labelled and
whether this changed during filamentation or during the rapid divi-
sion phase.

A large culture of Escherichia coli BUG-6 was grown at 30 C for

several-generations and then shifted to 42 C for -45 minutes before
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being returned to 30 C. Five ml ‘samples were taken at intervdls

and pulsed for 3 minutes with glycer61-2-3H. The phospholipids

were extracted, separated and their individual radioactivity measured.
The total radioactivity extracted from each sample, as phospholipids,
was also measured. In Figuré 11, the rate of synthesis of phosph- |
vatidyl ethanolamine (PE) and phosphatidyl glycerol (PG) are depicted.
The radioactivity incorporated into each individual phospholipid

is expressed as a percentage of the radioactivity incorporated into
the material extracted by the Bligh and Deyer (11) 1ipid extraction
technique.

The rates of incorporétion of radioactivity into PE and PG’
remain constant at 30 C and 42 C until the recovery period, ie.
filamentation does not alter‘the rate of synthesis of these phospho-
Iipids} During the recovery period, there is at first an apparent
drop in the rate of synthesis of PE and increase in the rate of
synthesis of PG. However, when the filaments divide, at aboﬁt 90
minutes, the reverse appears to occur and by.120 minutes, the same
rates as before the 42 C + 30 C shift are recovered.

Escherichia coli BUG-6 contains other phospholipids, namely

cardiolipin (CL) and lysophosphatidyl ethanolamine. However, the

amount of radioactivity incorporated into these fractions during 3
minutes is very small and at no timé does it exceed 5% of the total
extracted radioactivity. The fluctuation in these minor compénents

is very small and probably within experimental error. For this reason
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The rate of synthesis of phosphatidyl ethanolamine
(PE) and phosphatidyl glycerol (PG). in. Escherichia
coli BUG-6 as a function of growth at the permissive
(30 C) and non-permissive (42 C) temperatures. _
Five ml samples were exposed for -3 minutes to 0.5 ng
glycerol/ml containing 2 pCi of glycerol-2- 3H/ml.

" The phospholipids were extracted and separated, as

described in ''Materials and Methods' and the radio-

activity in each individual phospholipid was measured.

At the top of the graph the "% identified" is time
percentage of extracted radioactivity identified in
known phospholipids for each sample.
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these components were omitted from Figure 11 except for calculations’
of the "% identified". This is the sum of the radidactivify in each
identified phospholipid expressed as a percentage of the total
extracted radioactivity. The "% identified" remains above 90%
throughout the growth at 30 C and filamentation at 42-C but drops
to about 80% during the early part of the recovery period, co-
incidént with the apparent drop in the rate of synthesis‘of PE.
During the rapid division phase the "% identified' returns to
abbve‘90%.

The drop in the "% identified" indicates that labelled material
is being extracted but it is not one of the normally extracted
phospholipids and does not form a spot on the thin-layer chromato-

graphy system employed. Possible explanations will be discussed later.

V. Fatty acid synthesis at 30 C and 42 C.

Marr and Ingraham (66) demonstrated that an increase in tempera-
ture of incubation increased the degreée of saturation found in the

fatty acids of Escherichia coli. The composition of the fatty acids

of Escherichia coli BUG-6, extracted from the total phospholipid, was

determined for cells grown at 30 C, 30 C + 60 minutes at 42 C and

8 minutes after the 42 C -+ 30 C shift to ascertain whether the pro-
duction of filaments was §aused by'an inability to regulate the degree
of saturation found in the cells' fatty acids. The time of 8 minutes

after the 42 C » 30 C shift was chosen as this coincided with the high
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rate’of_phosphdlipid synthesis as shown in Results (section V).
Because the fatty acid content of different phospholipids has been’
shown to differ markedly (24), the fatty acids were also extracted
from the méjor~individ0al phospholipids isolated from cells grown
at 30 C and at’'30 C + 60 minutes at 42 C.  This would prevent the
results from total phospholipid fatty acids masking a'lesion in the
~control.of fatty acid saturation in an individual phospholipid.

The resulfs are shown in Table Il, each fatty acid is exbresséd
as ‘a percentage of the total fatty acids apbliéd to-the gas-liquid
chromatograph. The cyqlic compounds were identified by their retention
times and comparison with the published fatty acid compositionsa6f

Escherichia coli (24, 79). The compound labelled a, was not identified

but its retention time suggested a carbon chain length longer than
c-19.

The results indicaté that Escherichia coli BUG-6 does not regulate

the degree of saturation of its fatty acids and in fact, indicates
that this can be accomplished very rapidly, as 8 minutes_aftef the

k2 ¢ + 30 C the fatty acid composition is alreadybintermediate'be-
tween the 30 C and 42 C compositions. The reg@latiOn'also occurs:
corréctly for the fatty acids contained by all the_major individual
phospholipid. During growth at 42 C, the two cyclic fatty acids -
appafently inpréase markedly. For comparison, the fatty acids of_the

parent strain, Escherichia coli AB1157 were isolated from cells

grown ét'the same temperature (Table I11). The actual percentages of
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Table II. The fatty acid composition of Escherichia coli BUG-6
grown at 30 C, 30 C '+ 60 minutes at. 42 C, and 30 C +
60 minutés at 42 C,+.8 minutes at 30 C. Each fatty
acid’is expressed as a percentage -of the total fatty
acid composition of phosphatidyl ethanolamine (PE),
lysophosphatidyl ethanolamine (lyso-PE) and phosph-
atidyl glycerol (PG) extracted from cells grown at
30 C and 30 C + 60 minutés at 42 C is also presentéd.




Table 111, The fatty acid composition of Escherichia coli AB1157

grown at 30 C, 30 C + 60 minutes at 42 C and 30 C +
60 minutés at 42 C + 8 minutes at 30 C. Each fatty acid
is expressed as a percentage of the total fatty acids

applied to the gas-liquid chromatography system.

Total phospholipid

Temperature °C 30 C 42 ¢ 30 - 42 -30¢
140 4.5 4.8 b
(160 47.5 54.2 5k .4
'c]G" 22.3 1 19.6 - 18.2
180 3.4 4.3 3.7
.c18‘1 3 : $22.9 17.1 . . - 21.6
.c”"’ <1 <1 <1
clov | <1 <1 <1

c? <1 o<1 <1




the different fatty acids differ slightly from those found for

Escherichia coli BUG-6, however the saturation of the fatty acids

is controlled in the sémé manner. The most noticeable differences
between wild type and mutant is the increase in cyclic fatty acids
which occurs in the mutant at 42 C but apparently does‘nét occur in
the wild type. (DeSiervo (24) recently reported that acidic’hydro-
lysis of phospholipids tends to degrade cyclic fatty acids so that.
the results obtained must be regarded as minimum values). A similar
variation in cyclic C19-fatty acid can be found in the results of

Peypoux et al. (79) in their analysis of a temperature-sensitive DNA

mutant (Escherichia coli CR34T46) and its parent (Escherichia coli
CR34). This mutant also forms filaments at the nor-permissive temp-

erature.

VI. The effect of high salt.concentration on cell division at the

non-permissive temperature

Escherichia coli BUG-6 resembles a temperature-sensitive division

mutant of Escherichia coli strain PAT 84 (86), which is able to divide

at the non-permissive temperature if supplemented with high concen-
trations of NaCl or sucrose. A similar effect is observed with

Escherichia coli BUG-6, as illustrated in Figure 12. Escherichia

éol%-BUG—G was grown for several generatiéns.at 30 C and part was

shifted to 42 C. At 74 minutes after the zero time, samples were

removed and brought to a final concentration of 5, 7, 9 and 11 g of.
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Figure 12. The effect of NaCl on BUG-6 filaments at 42 C. BUG-6

was grown at 30 C (0) in nutrient broth containing
5 ug-NaCl/1. Part of .the culture was shifted to

42 ¢ (0) at 30 minutes. After 45 min at the non-:
permissive -temperature, -the culture was subdivided

and "NaCl ‘was added to each culture giving a final
concentration of 7 g/1 (B); 9 g/1 (8) and 11 g/1 (0). -
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NaCl per liter. Cell division occurred approxiﬁately 15 minutes
after the addition of salt (Figure 12). As the concentration of
NaCl is increased to 11 g/1, there is a proportionql increase in

the amount of residual division. lh the experiment illustrated by
Figure 13, the concentration of NaCl'wés brought to 12 g/l at the
time indicated by the arrow at 30 C, and part of the culture'p]aced
at L2 C. Division stopped at both 30 C and 42 C for 20 minutes

and then both cultures began to divide rapidly until normal.division

rates were obtained. In thise case, division continued at 42 C.

VIlI. The effect.of pantoyl lactone on cell division -at 42 C

It has been reported that the addition of pantoyl Tactone to
filamentous cells causes them to divide (3, 38). The effect of

addition of pantoyl lactone on Escherichia coli BUG-6 at 42 C was

investigated. A culture was grown at 30 C for several generations
and placed at 42 C for 45 minutes. At this time,.various concen-
trations’ of paHtoyl lactone'were‘aaded to subcultures. |In Figure 14
the effect of -the pantoyl lactone on the increase in cell size of

the fiiaﬁents is depicted. In no case does cell size decrease, in-
Vdiéating that ce]l.divféionjdid not. occur. The rate of increase -in
cgli size decreaées; as the concentration of pantoyl lactone added
'iﬁcfeases. This confirms previous reports that pantoyl lactone has

a deleterious effect on growth rate (3). An increase in optical
density occﬁred in the presence of pantoyl Iactoﬁe but Coulter counter

measurements gave no increase in cell division.
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The effect of NaCl on Escheric¢hia coli BUG-6 at 30 C
and 42 C. Escherichia coli " BUG-6.was. grown in broth’
containing 5 g NaCI/1 for several generations (0).

At the time indicated by the arrow, NaCl was added’

~giving a final concentration of 12 g/1. Also, at this-

time, part of the culture was shifted to 42 C (®).
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Figuré 14, The effect of pantoyl lactone on the rate of size
increase of Escherichia coli BUG-6 at 42 C.
Escherichia.coli BUG-6 was grown for several
generations at ‘30 C and then placed at 42 C for 45

“minutes. At this time, O minutes in the graph, the
culture was subdivided and pantoyl lactone added
to each cultuve giving a final concentration of
0.01 M (0), 0.08 M (O), 0.06 M (H), 0.04 M (A)
and 0.02 M (4&). A control culture was maintained
at. 42 C without the addition of pantoyl lactone (0).




VIIl. The effect of .inhibitors of ceiI wall synthesis on cell division

during the recovery period.

In an attempt to determine the nature of the temperature-
sensitive lésion,. inhibitors of cell wall synthesis were added to
cultures during the recovery period and cell ‘number recorded as‘a
function of time. Cells gréwn at 30 C were shifted to 42 C to form
filaments and then returned to 30 C at 80 minutes coincident ‘with
the.addition of one of each of the following antibiotics: cyclo-
serine, novobiocin, vancomycin and penicillin. The concentration of
each antibiotic corresponded to an amount which blocked cell division

in Escherichia coli BUG-6 at 30 C. The effect of each antibiotic

on cell division during the recovery period is shown in Figure 15.

The addition of cycloserine and novobiocin have little effect .on cell
division bpt do affect continued growth of the cells.  On the other
hand;vpenicf]lin_comp]éte]y inhibitg cell division during this period..
Varcomycin allows some residual division but inhibits cell divisidn
markedly compared either to the control or to those inhibited with

cycloserine or novobiocin.

IX. The effect of inhibitors of macromolecular synthesis on cell

division during the récOvery period.

The requirement for protein synthesis during the recovery period
was . examined using chloramphenicol (CAM) and puromycin as inhibitors."

Figure 16 shows the results of an experiment in which CAM was added

62



lOOr—
80
60—
) 401
e
S~
A
2 0l-
x
ald
* 10
5 Ur
=
kS
z 6
o
(W]
2.—

\

63

Control
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Vancomycin
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Figure 15.-

20 40 60 80 100 120 140 160
MINUTES

The effect of cell wall inhibitors on cell division of
filaments during recovery at 30.C.. BUG-6 was grown at
30 C (0) in nutrient broth for several generations.
Part of the culture was shifted to 42'C (@). After

45 min at 42 C, the culture was divided and "the sub-
cultures placed at 30 C coincident with the addition
of: 20 units penicillin/ml (8); 400 ng vancomycin/ml
(A); 100 ug novobiocin/ml (&) or 30 ug cycloserine/ml
(0). A control was returned to 30 C with no addition

(@) .
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The effect of chloramphenicol at 42 C on the cell

‘division of filament$ of BUG-6 during the recovery

at 30 C. BUG-6 was grown in nutrient broth at 30 C
(0). Part of the culture was shifted to 42 C at
30 min and returned to 30 C-at 75 min (0). -
Chloramphenicol (150 pg/ml) was added to subsamples
of the 42 C culture at: 0 min (A); 5 min (A); 10 min
(O) and 15 min (@ ) prior to the return to 30 C
at 75 min.



to .individual cultures at the time of the shift-back to the permisSive
temperature or at 5, 10 and ‘15 minutes priér-to the shift-back to the
permissive temperature.

The control in which CAM was omitted from the culture shifted
back to 30 C shows an abrupt increase in cell number to a level which
is ﬁight]y higher than the control which remained at 30 C. If CAM
is added to the culture at the time the culture is shifted from 42 ¢
to 30 C, there is a two-fold increase in cell numberialthough'the
.finaf plateau is considerably below that of the controlf The addition
of 'CAM; 5 min before tHé shift ‘to the permissive temperature, de- -
~creases the amount of- residual cei] division. [If added 10, 15 min
prior to the shift-back to 30 C; there is little or no division.

The results obtained with puromycin are similar to those obtained
with CAM.

Clearly, ''division botential” is present when the cells are’
incubated at the non-permissive temperature since a shift-back to
30 C results in cell division in the absence of protein synthesis
(Figuré-16). On the other hand, this potential.is destroyed at
42 C since a 10 min incubation at 42 C in the absence of continued
protein synthesis removes the potential for cell division at the
permissive condition. In an effort to describe with more precision
the stability of the division potential at 42 C, a culture was
treated similarly to that described in Figure 16, except that CAM

was added ‘at 1 min intervals to separate samples before and after
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the shift from 42 C to 30 C. The final cell number at 30 C is plofted

as a function of the time at which CAM is added. As seen in Figure

17A, the addition of CAM at 7 - 8 min prior ‘to the shift-back to

30 C results in no increase in cell number over the amount of cells

present in the 42 C control. An abrupt incfease in'division-potential

23 observed during the period of 6 min to 2'min priék to the shift-

back to 30 C. After the shift-back, there is a slower increase in

the number of qel1s obtained at the plateau increasing with a

doubling time of about 20 minutes. A plot‘of the log percent

residual increase of the cells at 30 C as a function of the time

offthe addition of CAM, gives an estimate of the stability of the.

division potential at 42 C. Such a plot is shown in Figure 17B.
THevincrease in ”division'potentiél“ at 30 C does not appear

to be as rapid as at 42 C. An experiment desigﬁed to determine

the extent of de novo synthesis of 'division potential'' was. done

using a CAM pulse of 10 min at the non-permissive temperature to-

remove all division potential, and observing subsequent division

of the filaments at 30 C. Cells grown in broth for several genera-

tions were shifted to 42 C at 20 min. After 45 min at 42 C, the cells

were shifted back to 30 C. Sub-cultures were treated with a 10
min pulse of CAM at 10, 20 and 30 min prior to the shift-back toé
30 C. The results are shown in Figure 18. A culture which is not
treated with CAM divides rapidly about 12 min after the shift-back

to 30 C. On the other hand, a culture which has been exposed to CAM
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Figure 17A.
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The effect of chloramphenicol on residual division of
filaments during the recovery at 30 C. BUG-6 was
grown in broth at 30 C, shifted to 42 C for 45 min

~and then returned to 30 C. Aliquots wefe removed

at 1 min intervals for 10 min before and 10.min

.after the shift-back and chloramphenicol (150 pg/ml)

was added ¥o each sample. The final cell number
attained in each sample is plotted against the
time of chloramphenicol addition to that sample. -
Zero is the time of the. return to 30 C.



DIVISION

)

Figure 17B.:

100

RESIDUAL

DECAY OF DIVISION POTENTIAL AT 42°

80
60

40

20

10

T I TN NN N S B o W
0 —2 —4 —6

MINUTES

Decay of division potential at 42 C. The data from
Figure 17A prior to O time are used td construct this:
figure. The -increase in cell number of -chloramphenicol
treated samples is plotted as a percentage of the
increase in cell numbeéer to which- chldramphenicol'

was added at the tlme of the return to 30 C
The increase in cell number of the culture with

chloramphenicol added at the time of the shift
“from 42 C to 30 C is plotted as 100% and the
increase in cell number of other samples is
plotted as a percentage of this value.
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Figure 18. - The effect of a 10 min treatment with chloramphenicol

at 42 C on division of filaments during recovery. at

30 C.  BUG-6 was. grown at 30 C (0) for several genera--
tions in nutrient broth. Part of the culture was
shifted to 42 C at 20 min and returned to 30 C at

65 min (0). A 10 min pulse of chloramphenicol

(150 -fig/m1) was given to subcultures of the 42 C°
culture at 10 min (O ); 20 min (&) and 30 min (&)
prior to the return to 30 C at 65 min.



for 10 min, prior to the shift-back and then had the CAM removed, .
does not start to divide unti] nearly 35 min after the shift-back
to 30 C, and the rate of division is much reduced. A 10 min.
pulse of CAM 20 min prior to a shift-back t6 30 C allows for a.

10 min synthésis'period at 42 €. Cell division starts at about

Lo min after removal of~CAM. A 10 min pulse at 30 min prior to a
shift-back to 30 C allows for a 20 min synthesisvperiod at 42 C.
Cell division starts at about 35 min after removal of CAM. With
increasingly longer periods of protéin synthesis at 42 C after the
removal of CAM, the recovery division rates increase, supporting
thessuggestion that 'division potential'' is accumulated faster at
42 C than at 30 C.

Since high concentrations of salt were observed to reverse the
block in division (Figur¢'12); the requirement for protein synthesis
in .the pfesence,of'high concentrations of NaCl was examined. = Figure
19 shows the effect of CAM on cell division in the presence of a
high concentration. of salt compared with the effect of CAM on cell
division during the recovery period at 30 C. A culture growing
exponentially under balanced growth conditions was ghifted to 42 C
at 30 min. After growth at 42'0 for one generation, samples were
removed and treated (a) with high concentration of salt and CAM
and left at the non-permissive temperature, or (b) shifted to 30 C
in the presence of CAM. As indicated in Figure 19, the cells

divide at the permissive temperature in the presence of CAM as had
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The differential effect of chloramphenicol on division
of filaments fiollowing the addition of NaCl versus

a shift from 42 C to-30 C. BUG-6 was grown in a-
nutrient broth for -several generations at 30 C (0).

Part of the culture was shifted to 42 C at 30 min

(0). At 75 min, chloramphenicol (150 pg/ml) was
added . to subsamples of the culture at 42 C, co-
incidént with the return to 30 C (0) or coincident"
with the addition of NaCl (0) to a final concen-
tration of 11 g/I.
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been seen previously in Figure 16. On the other hand, cells which

normally divide in the presence of high concentfations of salt (see

Figure 12), do not divide in the presence of high salt if CAM is added.
It is well known that specific inhibitoré of DNA synthesis also

block cell division (6, 34, 78). A dependence of division upon DNA

replication has been established (16, 42), although it is possible

to obtain mutants in which cell division becomes uncoupled froﬁ DNA

segregation (43, 47). 1In the normal division cycle, termination of

the round of replication appears to be essential for division (16,

42). An examination of the coupling between cell division and DNA

replication was examined in Escherichia coli BUG-6 by inhibition

of DNA synthesis at interVals during filament growth at the non-
permissive temperature. Figure 20 illustrates the effect of inhibition
of DNA synthesis during filament formation at 42 C on subsequent
cell division during the recovery period at 30 C. A culfure of

Escherichia coli BUG-6 grown for several generations at 30 C was

measured carefully for increase in cell numbers and constancy of

cell size to establish balanced growth of the culture. Twenty-five
minutes after zero time, a portion of the culture was removed and’
shifted to 42 C. Ar subsequent times of 30, 40, 50 and 60 min, samples
from the culture at 42 C were each transferred to a flask at the same
temperature (42 C) containing 10 ng of nalidixic acid (NAL) per ml
final concentration. At 70 min, each of the cultures treated with

- NAL was returned to the permissive temperature. A control culture

!
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The effect of nalidixic acitd on cell divitsion of the
filaments during recovery at 30 C. BUG-6 was grown
at 30 C 'in nutrient broth for several generations.
Part of ‘the culture was placed at 42 C (@) at 25
min.and returned to 30 C at 70 min. Nalidixic acid
(10 ng/ml1) was added to subsamples at 42 C, 10 min
(A); 20 min-(4); 30 min (O ) and 40 min (@)
prior. té the return to 30 C at 70 min.

Figure 20..-
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which had been incubated at 42 C in the absence of NAL was returned

to 30 C to record the increase in cell numbérs fojlowing the shift-back

to 30 C. As indicqted in Figure 20 there is a proportional relation-

ship between the amount of residual division during the recovery

period and the time allowed for bNA synthesis at the non-permissive

temperature. Thus, blocking DNA synthesis 5 min after shifting to

the non-permissive temperature allows about a 50% increase in cell

number. If DNA synthesis is allowed to continue for 45 min, there

is neaf]y a 200% increase in the cell number during the recovery period.’
Inhibitibn-of DNA synthesis in an exponential culture does not

stop cell division immediately. Apparently, DNA synthesis is required

until the end of a round of replication before a cell can divide.

After completion of the round, there ié no further requirement for

DNA synthesis, although division does not actually occur until a

considerable time after the end of 'a round (80). Since there is a

‘time lag between the end of a round of replication and actual sep-

aration of the cells, a large number of the cells in a random popula-

tién continue to divide although DNA synthesis is blocked. This is

illustrated in Figure 21. Cells growing exponentially are treated

with NAL at 30 min and residual cell division is measured. If a

portion of the culture is treated with NAL and simultaneously placed

at 42 C, there is no division as a result of the effect of temperature.

Returning this culture to 30 C after'45 min at the noﬁ-permissive

‘temperature allows expression of the division potential which was
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Figure 21.. -Residual division of BUG-6. following the addition of

nalidixic acid. BUG-6 was grown in nutrient broth

for several generations, at 30 C (0). Nalidixic acid
(10 ug/m1) was added to part of the culture at 30 min.
The culture treated with nalidixic aéid was divided
and one-half was left at 30 C (0). The other half
was placed at 42 C for 45 min and then returned to

30 ¢ (0).
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present at 25 min. The manner in which the filaments divide after
they have been exposed to NAL at the non-pgrmissive temperature ahd;
then returned to 30 C is seen in Figure 2£a.‘For comparison, filaments
;reated with CAM and'thgn returned to 30°.C are shown in Figure 22b.
The latter divide reéhlarly into ''unit cells' whereas the former.
divide into cells of different lengths. The irregular division
positions is consistent with random segregation of a subnormal amount

of DNA assuming that all the cells, so formed, contain DNA.

X. The effect of inhibitor macromblecular synthésis on cell division

during the recovery period following different periods at 42 C.

In section (1-2) of the results, it was shown that the recovery
division kfnetics differ with the different periods at the non-permissive
temperature. In section (VI1) of the results; a detailed analysis of
effect of macromolecular inhibitors on the recovery cell division
following 45 minutes at 42 C was presented however it was thought
necéssary.to determine the effect of these inhibitors after different
periods at 42 C.

A culture of Escherichia coli BUG-6 was grown for several

generations in broth and then a portion shifted to 42 C at 0 minutes
as defined in Figure 23. After 35, 50, 65, 80.and 95 minutes, .sub-
cultures were returned to 30 C in the presence of CAM (150 ﬂg/ml

final concentration). Figure 4 is a similar experiment with no CAM

addition. The results in Figure 23 show a longer lag before recovery



Figure 22A. Fragmentation of nalidixic acid filaments during
recovery at 30 C. BUG-6 was grown for 3 generations
at 42 C with nalidixic acid (10 ug/ml) for the last
generation. The F}laments were inoculated onto
slides precoated with nutrient agar containing
nalidixic acid (10 ug/ml), and incubated at 30 C
for 2 hrs.

Figure 22B. Fragmentation of filaments of BUG-6 at 30 C in the
presence of chloramphenicol. BUG-6 was grown for
3 generations at 42 C. Three minutes prior to
returning the filaments to 30 C, chloramphenicol
(150 ug/ml) was added and the filaments were then
inoculated onto slides precoated with nutrient
agar containing 150 ug CAM/ml, and incubated at
30 € for 2 hr.
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The effect on cell division of shifting Escherichia
coli BUG-6 from 30 C to 42 C for different time
intervals and then replacing.at 30 C i the presence
of chloramphenicol.. E. coli BUG-6 was grown in broth

for several generations at 30 C (0) and at O min part

of the culture was shifted to 42 C (@). Subcultures
from 42 C were replaced at 30 C and chloramphenicol

added (150 ug/ml}final concentration), after 35 min

(D), 50 min (B ), 65 min (A),:80 min (A) and

95 min (0) at 42 C.
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division starts than shown in Figure 4, and the number of divisions
accomplished,by-the filament decreaseé when the period at 42 C exceeds
50 minutes and CAM is present during the recovery. The results from
Figure 4 indicate that division poteatial is alWays present regardless
of the length of time at 42 C‘as division always occurs rapdily during
the recoVefy period. However, the results from Figure 23 show that
in. the presence of CAM the expression of this potential is dependent
on the length of time at 42 C.

A more detailed analysis of the expression of division potential
in CAM is presentéd in Figure 24. A Qrowing culture of Escherichia
- coli 'BUG-6 was placed at 42 C and at frequent intérvals samples
were removed and placed at 30 C in CAM. The final cell number
attained is plotted against the length of time at 42 C. A maximum
occurs at about 46 minutes and plateau values occur between 20 - 22
minutes and 50 - 75 minutes incubation at 42 C. No cell division
occurs if the cells are kept at 42 C for more than 110 minutes or
less than 6 minutes.

Samples were also removed from the cultures described in Figure

24 and at 42 C and placed at 30 C in 10 ﬁg NAL/m1 (final concentration).

Figure 25a is the 0D of the culture at 42 C, Figure 25b is the

420 mu
final number attained by the subcultures placed at 30 C in NAL, and
Figure 25c is Figure 24 repeated for ease of comparison. The ODL,20 mﬁ
doubling rate is 35 minutes for 70 minutes and then begins to decrease

slowly, but the initial doubling time for the final cell number reached
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The effect of chloramphenicol ‘on residual division
of filaments during the recovery at 30 C after

different time intervals at 42 C. Escherichia coli

BUG-6. was grown for several generations in broth at
30 C and then placed at 42 C. Subcultures were
removed and ‘replaced ‘at 30 C in the presence.of
chloramphenicol. (150 ug/ml1}final concentration).
The final cell number attained by each subculture
is plotted against the time it was at 42 C.
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The effect of nalidixic acid or chloramphenicol on résidual
division of filaments during the recovéry at 30 C after
different time intervals at 42 C. Escherichia coli BUG-6
was grown for several generations in broth at 30 C and

then placed at 42 C. Figure 25a is the change in 0D420 -
at 42 C. Subcultures were removed and returned to M
30 C in the presence of nalidixic acid (Figure 25b)

(final concentration 10 ug/ml) or chloramphenicol (Figure

25c) (final concentration 150 ug/ml). The final cell
number attained by each subculture is plotted against the
time it was at 42 C. '
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by cells placed in NAL is 22 minutes. Filaments incubated at 42 C
for 45 - 75 minutes divide, in NAL, to give the same final cell
number. Filaments incibated for longer than 75 minutes di?ide in
NAL to give increasingly more cells. |If the final cell number
doubling rate is summed over the first 75 minutes, .its value is

about 35 minutes, ie. the same as the ODh The major plateau

20 m _
of the CAM treated cells and NAL treated cells occurs over approxi-
mately the same incubation period at 42 C.

It was considered that a constant Ievel of division potential
might be present in filaments which were continudlly increasing in
length and so producing more ''division sites' for use of this fixed
amount of potential. |If production of ''division sites' was dependent
on completed DNA replication (16, L42), then adding NAL at 42 C and’
allowing filahentation but no production of division sites should
produce incréasingly longer filaments which, with a fixed amount of
''division potential'' and a fixed number offdivision sites' would:

all divide to the same extent. An experiment was done to test this

hypothesis. Escherichia coli BUG-6 was grown at 30 C for several

~generations and a portion of the culture placed at 42 C.. After 50
‘minutes at 42 C, NAL was added to a subculture maintained at 42 C
and 30 minutes later CAM was added to the untreated culture and the
NAL treated culture. Both cultures were replaced at 30 C at this
time (Figure 26). This produced filaments grown for 80 minutes at

. 42 C which in the presence of CAM would give submaximum recovery
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Figure 26. The effect of a period of inhibition of DNA synthesis:

at 42 C on the residual division of filaments during

the recovery at:30 C in the presence of chloramphenicol.

Escherichia coli BUG-6 was grown for several genera-
tions at 30 C (0) before part of the culture was

placed at 42 C (®). - The culture at 42'C was halved
after 50 minutes at 42 C and nalidixic acid (10 pg/mi
final concentration) was added to one half (A).

After a total of 80 minutes at 42 C, both cultures

were returned to'30 C in the presence of chloramphenicol
(150 pg/ml final concentration).
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division (Figure 24). However, one of the cultures treated with CAM
was blocked for DNA synthesis after 50 minutes filamentation, ie. at-
the time when, if CAM had been added and the cells pléced at 30 C
maximum recovery division would have occurred. If blocking DNA
synthesis prevents ''division site'' production and the number of
divisions possible with a fixed amount of''division potential'' in

the presence of CAM dependsvon the number of division sites, the
culture treated with NAL at 50 minutes and so having a limited number
of ''division sites' should divide more at 30 C than the culture

which was not so treated. The result was actually the opposite, -ie.
the combination of NAL + CAM gave less division during the recovery

period than the addition of CAM alone.

X1. The effect of 30 C pulses on filaments produced at 42 C

It has been shown in previous sections that Escherichia coli BUG-6

filaments contain a high 'division potential' which can be expressed

at 30 C. A period of 15 minutes always-occurs between the 42 C + 30 C
shift and cell division when a nutrient broth medium is employed, (this
period can be altered by use of different media giving different growth
rates). It was of interest to ascertain at which pqint, if any, during
the 15 minute period the filaments would become committed to divide
even if replaced at 42 C.

A culture of Escherichia coli BUG-6 was grown for several genera-

. tions at 30 C and then part of the culture placed at 42 C for 45 minutes.
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Subcuitures from the 42 C culture were placed at 30 C for 6, 8, 10
and 12 minutes before replacing at 42 C. A control culture was
shifted to 30 C but no replaced at 42 C.  In Figure 27, the sub-
sequent division patterns are depicted. A 6 minute pulse at 30 C
allowed virtually no subséquent division, 8 minute and 10 minute
pulses allowed increasing amounts of division and a 12 minute pulse
aflowed an amount equivalent to one doubling of "cell number. In
Figure 4 it was shown that one doublihg is the maximum amount of
rapid division. Figure 6 indicated that division was complete after
12 minutes at 30 C, but cell separation was still required. In all
cases, division started 15 minutes after the 42 C to 30 C.shift.v

The results in Figure 27 suggest that the ''division potential'
in the filaments is not expressed at one particular time point during
the 15 minutes, but is required for at least the first 12 minutes of
this period if maximum expression is to be obtained. The amount of
""division potential'' within a filament can be éontrolled_by CAM
addition and removal a€142 C, ie. a three minute pulse of CAM immediately
before the 42 C +-30 C shift reduces the potential by approximately
50%‘(Figure 17B). By such a procedure, filaments were produced with
50% of the normal amount of ''division potential'' and the experiment
described in Figure 27 repeated. The 76 minute pulse of 30 C was
omitted. The results are shown in ngure 28. There is no division
following an 8 minute pulse at 30 C and the division following 10 and

12 minute pulses is very much reduced as compared to Figure 27. Thus
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Figure 27.

40 60 80 100 120 140
MINUTES

The effect on cell division of Escherichia c¢oli BUG-6

of different length pulses of 30 C during 42 C growth.

E. coli BUG -6 was grown for several generations in
broth at 30 C (0) and at 40 min part of the culture
was shifted to 42 C'(®) for 45 min before replacing -
at'30c. 6min (O), 8 min (W), 10 min (A) and
12 min (A) after the 42 C > 30 C ShlftS, subcultures
were again shifted to 42 C.
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Figure 28.

40 60 80 100 120 140
MINUTES

The effect on cell division of Escherichia. coli BUG-6
of different length puises at 30 C during 42°C growth
when the temperature pulse is preceeded by a 3 minute
chloramphenicol pulse. E. coli BUG-6 was grown for

‘several generations in broth at 30 C. 30 C (0) and at 35

min part of the culture was shifted to 42 C (8) for

L5 min before replacing at 30 C. Three minutes before-
replacing at 30 C, a portlon of the culture was sub-
jected to 150 ug/CAM/m] which was removed on replacnng
at-30 C (A). 8 min (O), 10min (W), and 12 min (A)
after the 42 € +'30 C Shlft, subcultures of theflCAM-
pulsed culture were again shifted to 42'C

87



the amount of divisiqn following a pulse of 30 C is dependentbon

the amount of division potential within the cells produced at 42 ¢
aS‘weli as the length of the pulse at 30 C. . Figure'28 also shows a
 culture pulsed with CAM for the last’ three minutes before the 42 C -
30 C shift and then kept at 30 C. Comparison with the control
culture not treated with CAM shows that the CAM treatment decreased'’
the amount of rapid division, supporting the idea that the rapid

division phase is an expression of potential accumulated at 42 C.

XIl. The effect of a short period at 42 C on cells of -different ages

A synchrenized culture of Escherichia coli BUG-6 was produced by

the Helmstetter and Cummings (41) membrane technidue. For technical
reasons the permissive temperature was 37 C and not 30 C as:usually
employed; however the mutant divides normally at this temperature.
Samples were removed from the synchronous culture and placed at 42 C
for 4 minutes before replacing at 37 C.” (Four minutes is adequate time
at 42 C to stop éell division in an exponential population (Figure 2)).
The samples were removed from the culture at 4, 10, 15 and 20 minutes
after the cells had been collected from the Mill?pore'membréne.

The parent culture began to divide 22 minutes after its collection
from the membrane and the half-step (T:) occurred 5 minutes later.

In Figﬁre 29 the diQisioh patterns of the subcultures, .pulsed at

42 C for 4 mins is compared with the parent“culture. Table IV is

a summary of Figure 29.
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Figure 29.

10 20 30 40 50

MINUTES

The effect of a 4 minute pulse at 42 C on the division:
of cells of different ages. A synchronized culture

of Escherichia coli BUG-6 growing in broth at 37 C

was produced by the technique of Helmstetter and
Cummings (41). Subcultures were removed at 4 (0),

10 (A), 15 (A) and 20 (8) minutes after collecting

the cells from the membrane and placed at 42 C for-
4 minutes before returning to 37 C. The arrows
indicate the period over which each subculture was
maintained at 42 C.
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Table IV. A comparison of the effect on cell division of a 4 minute

pulse at 42 C on cells of different ages.

Time of 42 C pulse Division began

after collection of cells at:-

Time between
42 ¢+ 37 C and

division start

Time between
b2 ¢+ 37 ¢C
and T%

NQ pulse, ie. control 22
L minutes’ 25

10 minutes’ 28

- 15 minutes 33

20 minutes 38

minutes
minutes
minutes
minutes

minutes

17 minutes
14 minutes
14 minutes

14 minutes

23 minutes
17 minutes
17 minutes

16 minutes

It can be seen from Figure

by the 42 C pulse by a coﬁstant

29 and Table IV that division is delayed

period of "14 minutes for cells whose

age is 10 minutes or more. Younger cells do not show this constant

timing. This suggests that a 42 C pulse inactivates some material,’

required for division, which takes at least 14 minutes to replace or

which is rapidly replaced but is used 14 minutes before cell division

occurs. That the division of younger cells is only delayed by.the

length of the pulse supports this analysis and confirms that functional

material cannot be made during a short L2 C pulse.



91

The results with synchronized populations therefore support
the previous results with exponential populations that under a
particular set of conditions, a constant period is always found’
between the time of the shift from non-permissive to permissive

temperature,and the onset of cell division.

X11l. Comparison.of the proteins produced at ‘42 C with. those produced’

at 30 C.

1. Cell envelope proteins .

The analysis of division kinetics and use of macromolecular
inhibitors suggests that filaments at 42 C contain protein(s) at a
high concentration which are used during the rapid cell division when
the filaments are placed at 30 C. Cells Qgrmally growing at 30 C
would be assumed not to have this high concentration as they divide
at a normal regulated rate. It was hoped that the.high concentration
of this potein(s) at 42 C would be achieved by an increased rate of .
synthesis as compared to 30 C and that this would enable the detection
and identificationoof the protein(s). Cells were grown'at 30 C in
tritium labelled amino acids. A second culture was grown at 30 C, then
placed at 42 C for 90 minutes, with carbon-14 amino acids bresént
during the final 60 minutes at 42 C. The two cultures were rapidly
chilled and mixed. Protein profiles of the cell envelopes and non-
particulate fractions were produced by disc-gel electrophoresis. If

a pfotein were synthesized more rapidly in one culture as compared to
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the other culture then it should be enriched for the type of radio-
active label added under the conditions of more répid synthesis, when
compared to'tﬁe total amount of label incorporated.

In Figure.30, the membrane profiles are compared, ‘and each type
of radioactivity in a gel slice is expressed as.a percentage of the
total radioactivity of its particular isotope that entered the gel.
At the top of;thé figure, the AP is plotted for each 'gel stlice.

This is the percentage of radioactivity of ‘the isotope incorporated
at 42 C in a gel slice minus the percentage-of radioactivity of the
isotope incorporated at 30 C in the same gel slice. A positive value
indicates that material in that gel slice was.made faster at 42 C
than at 30 C and a negative value indicates the opposite. Figure 30
indicates that several regions of the profile contain proteins pre-
ferentially synthesized under one or other condition. However, before
meaningful information can be obtained, the same experiment must be
repeated with the radioactive labels reversed, ie. carbon-14 at 30 C
aﬁd tritium at 42 C. Also, the same experiments must be done with
the parent strain. These two controls remove the possibility of
artifaéts due to, i) the cells using the different radioactive labels
differently, and ii) changes'in protein profilés merely due to the
temperature chanées and not invo]Ved with filamentation. Figures 31
and 32 are these controls, with the labels reversed and Qith the wild

- type strain, respectively.
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Figure 30.

GEL SLICE

Gel electrophoresis of cell envelope proteins prepared

from Escherichia coli BUG-6 grown at 30 C and at 42 C. -
“The cells were 'grown at 30 C for several generations

with 14C-amino acids (0) and at 42 C for 90 minutes

with 3H-amino acids (@) present for -the last 60 minutes.

The preparation of the proteins and gel electrophoresis
were as described in '"Materials and Methods''. The
radioactivity for each isotope in each gel slice is-
expressed as a percentage of the total radioactivity
of that isotope which entered the gel. At the top of
the graph, the AP represents the difference between
the_percentage of The radioactivity and the percentage-
of 3H radioactivity in each slice. A positive value
indicates material synthesized more rapidly.at 42 C
than 30 C and.a negative value indicates the epposite. "
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Figure 31..

GEL SLICE

‘Gel electrophoresis of céll envelope. proteins prepared

from Escherichia coli.BUG-6 grown at 30 C and 42 C.
The same protocol as in Figure 30, but the Th¢-amino
acids were incorporated at 42 ¢ (0) and 3H-amino acids
(®) were incorporated at 30 C. The AP has been
calculated so that positive and negative values
indicate the same as in Figure 30.
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Figure 32.:

GEL SLICE

Gel electrophoresis of cell envelope proteins
prepared from Escherichia coli AB1157 grown at
30 C and 42 C.  The-same protocol as in Figure
30 and the AP indicatés  the same.
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Comparison of Figures 30, 31 and 32 indicateAthat only one positive
AP area, ie. increased synthééis at 42 C, can be attributed to the mutant
which is not present in the wild type and which is not affected by
the type of label used. This protein has a molecular weight of between
80,000 ard 90,000 when its Rf is compared to the standard curve pro-
duced by running known molecular marker proteins (see Materials and
Methods, section VII1-3) on a parallel gel of the same constitution.
The marker proteins were prepared by exactly the same procedures as
used for the unknown proteins (see Materials and Methods, section
Vill-1 and 2).

Thé evidence obtained from studying the division kinetics of

Escherichia coli BUG-6, with and without inhibitors, suggested that

the "'division potential'' is '"'used-up'" in the formation of septa and
this sugéesfed that a comparison of filaments allowed a period at
30 C to divide with filaments maintained at 42 C, might demonstrate
an enrichment of a protein }n the fragmented filaments, ie. the

''division potential' incorporated into the septa.

Escherichia;;oli BUG-6 was grown at 30 C for several generations,
divided into two cultures, and both placed at 42 C for 90 minutes.
After 30 minutes at 42 C, 1L’C-amino acids were added to one culture
and 60 minutes later that culture was stopped by rapid chilling.

After 75 minutes at 42 C 3

H-amino acids were added to the second’
culture. At 90 minutes this culture was filtered from the radio-

active medium, washed and resuspended in the same medium, minus the
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Eadioactivity, at 30 C. Forty minutes later, this culture's growth
was stopped by chilling and was mixed with the first culture. The
cell membrane proteins were extracted and analyzed by.disc-gel
elec&rophoresis. In Figure 33 a positive AP would indicate material
synthesized at 42 C but incorporated preferentially into cell septa’
at 30 C. There are no differences in the proteins labelled under
the two qdnditions,Asuggesting that the cell membrane protein con-.
stitution was virtually the same 40 minutes after the 42 C + 30 C
shift as it was in the filaments at 42 C. To confirm this result,

a comparison was made of the membrane proteins of 30 C grown cells
with the membrane proteins of the fragmented filaments, labelled

as déscribed above (Figure 34). If, indeed, the proteins of the cell
membrane do not éhange following the 42 ¢ > 30 C shift, then com-
parison of 30 C cells with the fragmented filaments should give the
same result as in Figure 30 which is the comparison of 30 C cells
and 42 C filaments:. The AP of Figure 34 closely resembles the AP
of Figure 30, ie. no gross changes are seén in the protein profile
of fragmented filaments when compared with non-fragmented filaments,
ie. '"division potential' is not incorporated into septa or' the

amount incorporated is so small as not to be detectable.

The prOtéin of molecular weight 80,000 - 90,000 which was made
more rapidly.at 42 C than at 30 C, may or may not be the product of

the genetic lesion-in Escherichia coli BUG-6. It could be a result

- of filamentation rather than a cause. An initial investigation of
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Figure 33.

15 25 35 45 55 65 75
GEL SLICE

Gel electrophoresis of cell membrane proteins prepared
from Escherichia.coli BUG-6 grown at 42.C and at 42 °C
followed by recovery at 30 C. Escherichia coli BUG-6
was grown at 30 C-and then placed at 42 C fzr 90
minutes. One subculture was treated with 1%C-amino
acids for the last 60 minutes at 42 C (0), a second

culture was treated with 3H-amino acids for the last

15 minutes at 42 C and then placed at 30 C in the same
medium minums the radioactive amino acids. The
preparation of cell membrane proteins was by the
techriique of Shapiro et al. (98), electrophoresis as
described in '"Materials and Methods'', and preparation
of the graph as described in Figure 30. A positive

AP . indicates that material made at 42 C'and pre-
ferentially incorporated in cell membrane at 30 C.
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Figure 3k.

5 25 35 45 55 65 75
GEL SLICE

Gel electrophoresis of cell membrane proteins -prepared
from Escherichia coli BUG-6 grown at 30 C and at 42 C
followed by recovery at 30 C. - Eschérichia coli BUG-6
was grown for several generations inl%C-amino acids -
at 30 C. A second culture was shifted to 42 C for 90
minutes with 3H-amino acids present for the final

15 minutes, .and then returned to 30 C in the same
medium minus the radioactive amino acids. The same
protocol was employed as.for Figure 33. A positive
AP indicates material was made at 42 C more rapidly
than at 30 C. Changes from AP of Figures 30 and 31
would represent changes due to the period of recovery

_’gréwth at 30 C not present in Figures 30 and 31.
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this was attempted by production of filaments of Escherichia coli’

BUG-6 by an alternative method, ie. addition of nalidi*ic acid at

30 C.. Cells growing at 36 C were labelled With ]hC-amino acids -

and compared to cells growing at 30 C, in the presence of 10 ﬁg
NAL/m] (final concentration), labelled with 3H-am}no acids. In
Figure 35 the cell envelope profiles are compared, a positivelAP
indicates material made mére rapidly in the presence of nalidixic
acid. A positive peak does occur in the same region as that found'
when comparing 30 C cells with L2 ¢ %i]aments, suggesting that this
protein(s) is a product of filamentation and not vicé-versa., Other
AP changes are presumably related to thé inhibition of DNA synthesis
by ﬁa]idixic acid. Similar profiles after NAL treatment havé been
observed elsewhere (Shapiro. Personal communication. 1971).

2. Non-particulate proteins -

No enrichment of 'division potential'' was found in septa
although its involvement in septation was known. It was also known’
that a high level of potential must exist within filaments, therefore

a comparison of the non-particulate proteins of Escherichia coli BUG-6

grown at 30 C-and 42 C was made, using disc-gel electrophoresis.

In Figures 36 and 37, the profiles of these proteins are depicted, the
labels being reversed from Figure 36 to 37. Comparison of these-
graphs indicate slight changes in the AP but because of the'large
number of proteins and necessity of adding a large amount of protein

to these gels, the consistency of the AP .is lacking. To continue
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Figure 35..

GEL SLICE

Gel electrophoresis of cell.envelope proteins
prepared from Escherichia coli BUG-6 grown at .

30 C and grown at 30 C in nalidixic acid (10
Hg/ml). One culture was grown at 30 C in 3H--
amin?hacids and the second at 307C with 10 ng/mi
and " "C-amino acids., The cell envelope proteins
were prepared and the electrophoresis carried out’
as described in ''Materials and Methods''. A

positive AP indicatés material made preferentially .

in the presence of nalidixic acid:
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Figure 36.-

GEL SLICE

Gel electrophoresis of non-particdlate .proteins
prepared from Escherichia coli BUG-6 grown at

30 C and at 42 C.- One culture was labelled with
1hc-amino acids at '30 C. The second culture

was grown at 30 C and "then shifted to 42 C with
H~amino acids added for the last 60 minutes

at 42 C. The non-particulate proteins were pre-
pared .and the electrophoresis carried out as

described in ''Materials and Methods''. A

positive AP indicates material synthesized pre-

ferentially at L2 C.
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5 i5 25 35 45 85 65 75 85
GEL SLICE

Figure 37.- Gelzelectrophoresis.of non- particulate proteins

prepared from Eschefichia coli BUG-6 grown at

30 C and at 42 C. The protocol was the same-as
in Figure 36 but the 3H-amino acids were |ncorp-
orated at 30 C and ‘the 14C-amino acids were in-
corporated at ‘42 C. A positive AP indicates
material synthesized preferentially at 42 C.




104

this work would require the subdivision of the non-particulate
fraction, eg. the column chrématbgraphy, before. comparison by disc-

gel electrophoresis. -
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DISCUSSION

A detailed analysis of the cell envelope biochemistry and

cell division kinetics of a temperature-sensitive cell division

mutant of Escherichia coli has been presented. Comparisons can *
now be made WithAsimilér:published work.

Escherichia_cofi BUG-6 grows. exponentially at both 30 C-and 42 C

and synthesizes protein, RNA, DNA and lipid apparently normaliy at
both temperaturés. However, it -does not divide at 42 C. Other
mutants have been described with apparently the same gross macro-~
molecular properties (44, 71, 110); however, these have not been
investigated in detail and as yet no information is available with
regard to their membrane biochemistry. The chemical fractionation

of cells and chemical assay of the constituents indicated that the

3
Ha

unreliable immediately following a temperature shift. This confirms

use of C -thymidine as a means of measuring DNA synthesis is

the same conclusioén reached by Smith and Pardee (103). Recently,

the use of thymidine by Escherichia coli as a direct precursor of

normal DNA synthesis has itself been questioned (116). The chemiéal
fractionation of the cells and the use of uracil-Z-IAC‘both suggest
that the filaments, at 42 Cc, synthesize RNA slower, when compared

to the rate of protein synthesis, than normal cells growing at 30 C.

The presence of multiple genomes and therefore gene copies within’
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one'cell may have an effect on tHe rate of transcription. It would
be of interest to determine what kind(s) of RNA synthesis decreases
when cell division stops.

The investigation of the phospholipid and fatty acid changes
was undertaken because it 'was known that these cellular constituents
should show changes when the temperature of incubation was changed
(24, 27, 66, 101), and also they have been correlated difrectly with
cell division (5, 69, 106). The fatty acids do, indeed, show the
expected changes, ie. at the higher temperature of incubation the
degree of satdration of the fatty acids increased when compared to
the fatty écids extracted from cells grown at the lower'temperature.
The change from 42 C to 30 C is accompanied by a high rate of lipid
synthesis and it has been shown that the fatty acid composition is
rapidly changed from that typical of 42 C to that typical of 30 C.

This is the first.indication that Escherichia coli can accomplish

this conversion so rapidly.and suggests the presence of very active
enzymes and a rapid supply of ‘fatty acids. That the composition of
this supply is also.regulated is shown by the differences reported
for the fatty acid contents of the individual phospholipids. This
agrees with published results (24, 101). The most interesting
result from the work on fatty acids was that the filaments of

Escherichia.coli BUG-6 contain measurable amounts of cyclic fatty

acids which were not detected in normal cells at 30 C nor in the

parent ‘strain at 42 C (as stated in the ''results', the amounts of
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cyclic fatty acids reported should be regarded as minima:as-the
extraction pro#edure would tend to degrade these compounds (24)).

The role of cyclic fatty acids is not understood but thefr importance
is becoming increasingly apparent (245. -Their role in cell division
has not been investigatéd but the present work and that of‘Peypoux

and Michel (79)‘both‘suggést that these components show marked
differences.when the fatty acids of dividing cells are compared to
those of non-dividing filament producing cells.  Changes have also
been found in the cyclic fatty acid composition of an exponentially
growing and ‘dividing population of cells when compared to a popu-
lation of the same organism in the stationary non-dividing Phase (21,24).
The relative amounts of individual pHosphO]ipids have also been
found to change dependent on the growth phase (21, 52,84) and growth
media (73). HoweVef,uthe phospholipid composition and their relative
rates of synthesis have'also been corrélated directly to cell division
(5) or the lack of ce]i‘divisionv(106),‘ Starka and Moravova (106)

produced filaments by treatment of Escherichia coli with low levels of

benicillin and then allowed their division by addition of penicillinase.
They found that during filamentation the cardiolipin content increased
and phosphatidyl glycerol content decreased although the overall rate
of phosphélfpid synthesis remained the same when dividing and non-
dividing cells were compared. When the filaments were allowed to
divide, theirkphospholipid composition eventually returned to that

of the untreated Escherichia coli. vBallestra and - Schaechter (5)
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induced Escherichia coli to divide whilst other metabolic¢ events

were repressed by using a nutritional shift-down. They found that
dividing cells increase their rate of phosphétidyl-éthanolamine

-and decrease their rate of phosphatidyl glycerol synthesis. They
also found that lgﬂl_ceIIS'after ultra violet irradiation, ie. whilst
forming filaments, had a decreasing rate of phosphatidyl ethanol-
amine synthesis which increased when these filaments were induced

to divide by a ''shift down'. The results with Escherichia coli

BUG-6 differed from both the published réports. Since the cardiolipin
content was not measured for techniéal reasons, a direct cohparison‘
with the results of Starka and Moravova (106) cannot be made. Un-
like both published reports, no differences were found in the rates

of synthesis of individual phospholipids when dividing and non-
dividing filament producing cells were compared. When the filaments
were induced to divide by returning the filaments to the permissive
temperature, -changes in tﬁe rates of the synthesis of individual
phospholipids were apparent. The rate of synthesis of phosphatidy]
glycerol ihcreésed‘and that of phosphatidylethanolamine apparently
deéreased‘when measured by a three minute incorporation of glycerol-
2-3H.$ This result is the opposite of that reported by Ballestfa and
Schaechter (5) .but the result may in fact be misleading because during
this period, 20% of the radioactivity extracted from the cells as
phosphdlipid, was not identified and could cbnceivably have been

trapped in a precursor of ‘phosphatidyl ethanolamine. An examination-
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of the biosynthetic pathways of phospholipids shows a divergence

at the point of cytidine diphosphate-diglyceride in the pathway to
phosphatidyl-ethanolamine and phosphatidyl glycerol/cardiolipin

(53, 105). From this intermediate phosphatidyl-glycerol is pro-.
’duced by addition of glycerol and release of cytidine monophosphate.
This step would increase the radiocactivity in phosphatidylfgiycerol
if'glycero]-2-3H were used to label the phospholipids. Phosphatidyl-
ethanolamine is produced from the CDP-diglyceride via phosphatidyl-
serine. This latter compound remains at the origin on the chroma-
pégraphy system employed in fhis work. Therefore, -in a three minute
pulse of radioactiVity, combined with a much increased rate of
synthesis, it is quite conceivable that the apparent decrease in

rate of synthesis of phosphatidyl ethanolamine when compared to the
rate of synthesis of phosphatidyl glycerol can be accounted for by
radioactivity trapped in phosphatidyl serine. If this is true, then
during the méid phase of phospholipid sYnthesis, presumably due to
septa synthesis, all phospholipids are’synthesized more rapidly and
no changes related to cell division can be demonstrated from this
work. If the.reéults are to be taken at face value, then during septa
formafion in this sfstem,.the rate of.pﬁosphatidyl glycerol synthesis
is increased at the expense of phospﬁatidyl ethanolamine synthesis;
and also a component(s) is synthes}zed which can be extracted by the

Bligh and Deyer (11) extraction technique but has not been identified.



The protein composition of the cell envelope of Escherichia
coli has béen investigated, using sodium dodecyl sulphate disc~gel
electrophoresis, in several laboratories, eg. (51, 74, 93, 95, 98),
and the advantages and limitations of this and other techniques
for membrane analysis have béen reviewed (54). 1t has been possible
to relate definite changes in the protein cqmposi;ion of the cell
envelope with mutations causing an alteration in the resistance to
antibiotics (74) and colicin E2 (93).» Stuﬂies relating to mutants
involving DNA replication and cell division have demonstrated that
tﬁe proteins -in the cell envelope do differ when dividing cells are
,compared with non-dividing cells (51, 98), whether the filaments are.
produced by mutation (49, 98) or by use of inhibitors (51). Inouye
and Pardee (51) have demonstrated that a protein of molecular weight
39,000 is always enriched in the cell envelope of filaments and some
techniques of'prodUcihg filaments, eg. addition of nalidixic acid, .
also produce an enrichment for a.protein of .molecular weight 80,000.
It wasrsuggested-that the latter protein may be a dimer of the 39,000
molecular weight protein. In the present study, the fi]aments were
found to have a protein(s) of molecular weight 80,000 - 90,000 en-
riched in their cell envelope. The prbtein profi]es.of-total cell
envélope, eg. Figure 30 and purified cell membrane, eg. Figure 34,
both’'demonstrated this enrichment and althdugh there are differences
in the overall shape of the profiles, there is little difference in

the percentage change in the enriched protein peak. This suggests

110
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fhat purification of the cell membrane from the cell ‘envelope' does:
;ot.ihcrease the purification -of the enriched peak. However, ‘as
discussed in the review (54), and as can be seen in the published
results (Si, 98), quantitation is not really feasible by this
technique. ‘Unlike the results with antibiotic resistance (74), the
increased protein in the cell envelope of filaments has not been
dikectly related to the mﬁtation in cell division, and the results
of "Inouye and Pardee (51) suggest that the>enriched-protein is a
result of the inhibition of cell division and not vice-versa. The
présent results in which a similar enriched peak was found in nali-
dixic acid induced filaments would tend to support this conclusion.
In the present work, filamentous cells were élso éombared to
the cells produced when the filaments had beén induced to divide.
It was. known thattthe:filamentsgwou]d divide at the permissive
temperature without protein synthesis, therefore the filaments
which were fndUced'to divide were ‘labelled just'before being placed
at the permissive temperature. Thus the-comparisoﬁ would show if"
proteins, synthesized at the non-permissive témperature, were in-
corporated preferentially into the septa at the permissivée temperature.
No preferentia] incorporation was found and the results showed that
the gross protein composition remained constant up to 40 minutes
after the cells were returned to the permissive conditions (Figure 33).
(The method of calculation used in analyzing these résults would not

detect'abchange in a minor protein constituent. Unfortunately
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~calculations which would deteéect suéh a chahge would also ténd to
exaggerate arfifacts easiiy produced -by double labelling techniéues.)
These results*therefofe indicate that the sebta‘do not have a differ-
ent'protéin.constitution from the tubular part of the cell envelope.
'H0wever, until improved‘méthods of membrane anaiysis and assays for
prbfeins-fnvdlved in cell dfvisfon are available; no definite con-
clusion can be méde,

Experiments uéing'qéll wall ihhib?tofs indicaté that the'bldck

in:dﬁvision in Escherichia coli BUG-6 is aséociated with a terminal

step in cell wall synthesis (Figure 15). The action of cycloserine
blocks the addition of ala-ala to-fhé N-acet*l-muramic acid residue
(108).  Vancomycin has béen shown to competitively inhibit the
insertion of N-acetyl-muramic acid-N-acatyl-gluéoSamihe-pentapeptide
ffom the phospho1ip{d carrier tq the acceptor in the cell wall (9).
Penicillin acts at a step just one stage‘]afer; the joining Qf the
pentapeptidé units -(108). TEe_action of novobiocin is multifold;
affectinngNA synthesig, RNA synthésis and membrane activity (70,
IIOL). There is a suggestion that it also aCts in cell wall synthesis.
at ‘some stage between the formatidh_of the N-acetyl-muramic acid-N-
aqetyl-glucosamine4pentapeptide and’its insertion into the cell wall
(108). As seen ih.Figure 15, cycloserine and novobiocin have little
effect on the expreSSiqh of the division step during the recovery
-period. These resultslsqggest that novobiocin aéts at a stage in

cell wall synthesis which is prior to that of vancomycin and penicillin.
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Evidently Escherichia coli BUG-6 cells contain cell wall pre-
cursors at the non*bermiSsivé‘temperature because when cell division
is made possible by reversal of the temperature from 42 C to 30 C,
division occurs. in the presence of cycloserine. The'insertion of
the precursors’ into cross wall does not occur at 42 C since peni-
cillin and'vancomycin block division at 30 C indicéting precursors

are not in position when incubated at 42 C.

Cell division of Escherichia coii BUG=6 bccurS‘dﬁring the
‘rechefy period in the presencé of chloramphenicol  if -the period
at 42 C does not exceed 110 mfnutes.. The ability of filaments to
divide withoUt}protein synthesis indicates that cells produce and
contain a ''division potentia]“ at 42 C which can be expressed at
30 C. Wheh.protein synthesis is inhibited at the non-permissive
temperature division potential decays and this decay rate has a
hé]f-lifé of approximately 0.5 minutes at 42 C. Extrapolation of
the decay curVe,.Figure 17b, indicatés an original amount of division
potential of appfoximately 102 greater than that required to give
division.

If division potential decays at 42 C and yet there is division
potential at any time the cell is shifted from 42 C to 30 C; the rate
of synthesis of division potential at 42 C must be greater than the
rate of decay. Hénce the doubling time of division poténtial at
42 C must be less than the half-life of 0.5 minutes. This is con-

trasted to the rate of accumulation of division potential at 30 C
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equivalent to a doubling time of 20 minutes (Figure 17a), as cal-
culated from the increase in final cell number for cells treated

with chléramphenicol ‘during the 30 C recovery period. It should.

be noted that the normal generation time of Escherichia coli BUG-6
‘at 30 C is 45 minutes, so that even at 30 C, division potential

is synthesized faster than required and, as -a constant division
raté‘is found, it is necessary to postUIate a control mechanism
(see below).

A model which is consistént"with these observations is shown"
in Figure 38. Division potenfial-(d) necessary for the expression
of;céll division is synthesiZed as a result of metabolic activities
and growth. The accumulation of substféte induces formation.of d’
as in other standard inducible systemé.

In Escherichia coli BUG-6 d is a temperature-sensitive compo-

nent which operates at 30 C, but not at 42 C...At 42.C, d changes.
rapidly but reversibly to an inactive form (X]). This conclusion

is based on the observation that Escherichia coli BUG-6 stops

dividing aBrupt]y upon shiftin to 42 Cv(FigureIBa). Inactivation
must be reversible since division potential is expressed as cell
division at 30 C. in the absence of protein synthesis at 30 C (Figure

16). At L2 Cc, X, decays irreversibly to X2, which cannot return to

1

active d. The half-Tife of this conversion is about 0.5 minutes

(Figure 17b).



REPRESSOR

SUBSTRATE = PRODUCT

Figure 38..

Model for .production and interconversion of
division poténtial in Eschérichia coli BUG-6.

d = activeAdivisIon'potential produced at "30 C.

Xl = reversibly inactive division poténtial formed

by placing d at 42 C.

X2 = jrreversibly inactive division potential formed
by decay of-X] at 42 C.
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If d decays to X2 through X] at a very rapid rate, and yet’
there is always excess division potential at_hZIC in the absence of
ctiloramphenicol, the formation of<X1‘must be in excess of the
formation of Xé. Since the conversion of d to X2 via X] at k2 ¢

is about 0.5 minutes, fhe doubling time of 'd and X, is less than
0.5 hinutés. THiS appears to be an extreme derepressed rate for
the formation of d, since the doubling time for d at 30 C is about
20 minutes (Figuré 17a).

As -indicated. in Figure 38, the syhthesis of d depends upon the
Concentrétion~and integrity of d. It is prdposed»that d is converted
to'X1 at ‘42 C,; which is an inactive unit with respect to feédback
repression. Therefore, continued and défepressed fates of formation
of 'd occur at the non-permiésive temperature and it would be predicted

that a high steady state level of X would eventually be attained at

1
the non-permissive temperature. This steady state may, however, be
constant on a per cell basis, a gene dose basis or a concentration
basis. The "amount' of division potential has been equated.above

to the number of,fesidual divisions occurring at 30 C in the presence
of chloramphenicol after 45 minutes at 42 C, but an increase in the
length of time the cells were maintained at 42 C would give both a
different estimate of the high internal level and of fhe decay
kfhetiés-(Figure 24), so that although the model fits well with one.

particuTar”set of conditions, it must be considered with relevance

to other conditions.



117

If indeed, a derepression mechaniéﬁ is occufring then very
brief"perTOQS at 42 C should cause, (a) not all d to be converted
to X]; andi(b) not a ‘maximum amount of X] as time is required for"
its synthesis following derepreésﬁon. A pulse of 42 C if less
than 1 minute gives little effect on division7(Figurg 2a), ‘ie.
sufficient d is still available for division. Pulses of 2, 3, and
L minutes at 42 C'stop division but the recovery of 30 C takes
longer than the recovery of célls kept at 42 C for'longer periods.

This would be predicted if ‘d were converted to X, and some to X

1

but the rapid derepressed rate of synthesis was not yet in effect.

2

As the period at 42 C becomes longer, the rate of recovery becomes
faster and the very rapid division phase becomes more evident
(Figure 2 and 3). Approximately 10 minutes at 42 C gives a maximum
rate of recovery.. Presumably this is.the period required to obtain
a steédy.state'level of X{ or the minimum time required to express
divisidn potential. [In this analysis, the time required for the b2 ¢
pulsed cells -to attain the cell numbér of the 30 C control cells
is used as an assay of ”divisidn potential''. These results sub-
stantiaté thé Hypothesis of a derepression causing an accumulation
of -division potential.

One might anticipate that the time required to attain the control
vaiue would be independent ‘of the length of the incubation period at
the non-permissive temperature after the initial derépression stage.

However, as seen in Figure 4, the time required to attain the control
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value increases for incubation periods at 42 C in excess of 35
minutes. However, the kinetics of recovery are interesting in two
respects: (1) there seems to bé an initial burst of cell division
which constitutes exactly one doubling at a constant of 15 minutes
after the return to the permissive temperature; and (2) the rate

- of subsequent cell division is moré rapid than that of '‘a normal
exponential culture at 30 C. Once the control value is attained’
and all cell equiValents have béen'expressed, the growth rate re-
turns to the normal 30 C;rate. From these results, it is obvious
that the assay of ''division potential'' described for shoft 42 C
pulses, does not‘apply_to long periods at 42 C, suggesting its
application to short pulses may also be incorrect. An alternative -
possible assay would be the amount of very rapid division occurring
during the recovery phase. This becomes a constant-as the period
qf filamentation at 42 C exceeds the time for one optical density
doubling at 42 C; ie. 35 minutes. This constant is equivalent to
exactly one doubling in the cell number over that méintained at

42 Cc.- Using this as an assay of ''division potentiai” then one

must conclude that the filaments contain-a sfeady state level at
less than enough for two cell divisions and that it can only be
used in unit amounts therefore only on division-oqturs. This constant
of one division has also been reported for the recovery division of
lon_ filaments (28) and filaments produced by thymine starvation (26).

Because of this correlation with very different systems, it would seém
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possible that the common act of dividing ié control]ing’the_ahount
of division rather than é supply of some diviéion prerequisite,
eg. separation of genomes which were previously interacting could’
feasibly affect the subsequent actioﬁs of the cells.
If a constant amount of division potential were available to
be used at 30 C, then returning filaments of different lengths to
30 C‘fn the presence of chloramphenicol should give a.constant amount
of -division. This experiment is déscribed'in Figures 23 and 24,
and no such constant amount of division occurred eXcept‘over lTimited
time periods of incubation at 42 C. lﬁ fact, the maximum amount
of division géve approximately four times the number of cells at
L2 C. With very short periods at 42 C, no division occurred at 30 C
in the presence of.chloramphenicol, agafn supporting the idea of
a time réquired for the build%up of potential (Figure 24). No |
division oécﬁrred for cells kept at 42 C for more than 110 minutes
when placed at 30 C in chloramphenicol. Cells treated fhe'same way-
bdt;rep]éced at 30 C in the absence of chléramphenicol would have
divided'once‘répidly, then at a faster than normal rate until the
30 C control cell division rate and number were attafned-(Figure L),
One explanation -of this paradox was to assume a fixed'amount‘
of division potential per cell, énough for about four divisions:
The single division‘at 30 C when no chloramphenicol was present would
be explairied by creating a.further contré] system, ie. protein

synthesis at 30 C caused the preferential completion of one division



120

site before'a second was-started. When protein synthesis was not
allowed at 30 C, this control is lost and all potentfal division
sités are available for express}on of division poténtial. If a
fixed amount of.divigion.potentia] per cell were available theh

an optimum cell length would‘oc¢0r when the fixed amdqnt“of pot-.
ential was‘¢0mpletely expressed by .the number of available ''division
sites''. As the number 6f sites increased'over this optimum, the
number of .completed divisiohstou]d decrease as the fixed amount of
potential became.dIIUted throughout the filament and fewer sites
obtained sufficient potential to divide. A filament length would.

be reached when no cell division occurred. This system described
agrees with fhe information in Figure 24, If_the number of division
sites could be kept constant at the optimum, even though the fila-
ment ‘increased in length, then on retqfhing to 30 C, a fixed opt imum
numberlofjdivisioﬁs would be predicted.assuming rapid, free mobility
of division potential. Figure 26 is an attempt at such an ekperiment?
assuming completed DNA replf&afion would triggér the production of
division sités. .Nalidixic acid was added éfter 50 minutes at 42 C
and then the cells returned to 30 C éftér a further 30 minutes at

42 C. The combined effect of nalidixfc acid and ‘chloramphenicol
produced ]ess divféion than filahentsltreated with only chlorampheni-
col aﬁd‘returned-to'BO C at the same time. |If, indeed, DNA repli-
cation does regulate the number of division sites, this result would

indicate that division sites are not limiting. On the other hand,
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the result may indicate. division -sites are not controlled by the
ambuntvof DNA replicated or that the ideéa of ''division sites'' as
physiﬁal énfities, is itseIf untenable.

The abovefdiscqésiOn'has demonstrated that the model proposed
(Figure'38) for explanation of the cell division kinetics requires
further assumptions, ff it is to be extended to periods of fila-
mentation at 42 C in excess of 45 minutes but other experimental
results, using a 45 min period have been preSentéd and should be

accomodated by the model. When Escherichia coli BUG-6 is shifted

from 30 C to 40 C, division does not cease immediately and then
after a period of filamentation, division restarts spontaneousiy.
Shifts from 30 C to 38 C or -36 C cause a decrease in the division
rate'foll¢wed'by an mhcreased rate before rates characteristic of

38 C and 36 C are obtained (Figdre l); These resuits can be incorp-
orated into the model if the reaction d »> X] occurs more slowly as
the ''non-permissive' temperature is lowered. Initia]ly, division
takes longer‘to cease at 40 C, since the rate of conversion of d > X1
is slower than at 42 C and takes longer to reduce d below the
threshold value. Once d is depleted, derepression will occur and
rapid synthesis of d'wfl] ensue. Eventually, the level of d will
exceed that required for division since the derépressed rate of
formation of d is faster than the decay rate of d +‘X1 at 40 C.

Division potential (d) continues to be made at the derepressed rate

until all of the division sites or the substrate is exhausted. This
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‘leads to the burst in cell divisidn seen in’Figure 1. When all
division sites have been expressed, .the substrate is depleted and
thére is normal repression of the synthesis of d. Thé steady-state
level of d, maintained by normal feedback controls, is sufficient
to allow normal cell division. The rate of synthesis of d at 40 C
would be anticipated to be faster than that observed at 30 C because
of continual decay of d to the inactive forms*X] and X2. At 36 C
and 38 C, the same arguménts apply, except the decay of d to X2 fs
neyér complete, but is enough for derepreésidn to be triggered and
cause subsequent‘rapid division.

In order. to a¢cbmmodate the results of temperature shifts from
30 C to temperatures bélow 42 C, it was necessary to suggest the d
is converted to X, at some finite rate. |[f this were true, then a

1

rate'of>conver§10n of d » X, should also occur at 42 C, and if cells

1
“could 'be producéd with an excess of~d,.then'on"pla§ing at 42 C cell”
division should occur until the available d is exhausted by usage

in division and‘by,conversion to.X1. The model predicts that re-’
turning cells to 30'C after 45 'minutes at 42 C will produce fila-
‘ments with a high level of d (by revérsion-froﬁ»X1).- In Figure 27-
these cells were again shifted to 42.C after different periods-at
30 C. If these cells had not been shifted to 42 C, they would have
divided 15 minutes after the 42 C—>30 C shift. As the length of -

30 C incubation is increased before the cells are returned to 42 C,

the available time at 42 C for'd-%>X] to occur before the cells are
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due to divide is decreased. This predicts that with- longer perioas’

at 30 C, more residual division should occur at 42 C. This result

was obtained. The same expeﬁimentvwas repeated but before the 42 C >
30 C shift, a 3 minute pulse of chloramphénicol was given to the cells.
This short ihhibition of protein syntheéis should, according to the
model;lréducé’the-division potential by 50% (Figure 17b). Comparing
the amounts of residual division at 42 C for the chloramphenicol
treated cells with the non-treated cells afterithe same period of 30 C-
incubation, demonstrated that the former completed veéry much léss
division (Figure 28). This result'is consistent with a rate for:

d~» X] because a lowéf“origina] amoﬁnt.of'd would require less‘time

at ‘42 C before the internal concentration of d fell below the

threshold required for division. This result also supports the
hypothesis that division potentia]‘decaYS.at'42 C when protein

.synthesis is inhibited.

Filaments of EscheriChja coli BUG-6 growing at 42 C divide when
the e*ternal osmoti¢ pressure Is fncreased; however, this division
_requirés.gg_géxgiprotein synthesis (Figures 12 and 19). The same
result was found for a similar mutant (86). Osmotic remedial mutants
"have béen investigated most thoroﬁghly in yeast (7; 40) and from
- this work (7) it has been concluded that osmoti¢ remedial conditions
are_fequired to éjd either the polymerisation step in the formation'
of a protein from sub-unit polypeptides, or in the production of .the

”correct“tertiary:cohfigurétion of nascent polypeptides facilitating
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their conversion to an-active gene product. The inactivation of
division poteﬁtial (d):could be due to separation of sub-units (X])
and. the addition of~osmotiéiremedial conditions would enable ég_ggxg
subLUnfts to combine atftHe ndn-permissive temperature7and give
division. That division occurs rapidly following -the addition of NaCl
suggests thattthe QEJQQXQ_sub-units could form active potential

by combination with tHeA(Xl) sub=units already present. The combina-

tion .of de novo sub-units with X, sub-units as compared to the re-

1
associatédlof only'X1-sub-units could also explain the different’
division kinetics observed when cells kept at 42 C are returned to

“30 C with or without the addition of chloramphenicol.

A comparison can now be made between the proposed model for -

control of .cell division in Escherichia coli BUG-6 and models pro-
posed for control of cell division in other systems. Cellsdivision

“is dependent‘bn DNA replication (16, 42), and this has been found to:

be true fdrTEscherichié.coli BUGj6 ( Figuré 20), although Figure 25b
indicaﬁes that rate of DNA replication may oscillate'and not be main-
tained at the same doubling rate'as that found for -the optical density.
Donac¢hie (26, 27, 28) has shown that-filaments produced by inhibition
of DNA replication do not divide until the DNA/mass ratio is re-

turned: to normal. This is not the case for Escherichia coli BUG-6.

As shown in Figure 20, filaments can be produced with less DNA
than normal, but on returning to the permissive temperature, these

filaments divide. The number of divisions dependinoncthe amount



of DNA within the filaments, ie. in this system the DNA/protein
ratio is not a direct control of cell division. The results with

Escherichia coli BUG-6 do however .confirm Donachie's observations

that fragmenting filaments are limited to one rapid division (26, 28).

The model proposed here is virtually identical to that bf Adler
et’'al. (3). They suggested'a 'material essential for cell fission"
which the cell produced during normal growth'and which was ''destroyed
or otherwise inactivated as a function of time, ..... fission occurs
each time a .critical leVel of this material is gkceeded”. It was
suggested that filamentation occurred when this material never reached
the critical level. In this respect lgglﬂcells were assumed . to
produce barely enough material and any injurious agent, eg. radiation,
caused the level to drop below that needed for division. The lesion
causing filamentation in lon_ has now been determined as an effect
on DNA synthesis (35, 113), but, as this-mutétibﬁ can be suppressed
(65), and the wild typé'lggi;is dominant in a merozygote (113), the
involvement of a protein product must be necessary.

An alternative model for irradiation filamentatioﬁ is that the
irradiation blocks the synthesis of a repressor by affecting DNA
fntegrity, which prevents 'the synthesis of an inhibitor of cell
division (117).~.This is a negative control model and a similar
model has also been suggested by Inouye (47) in which the division

site is normally blocked by a division inhibitor (M) which is itself

Jinactivated by avse;ond agent (1). The division kinetics of Escherichia
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coli'BUG-6 could be explained. if the (I) material were 'division
potential' which failed to recognize (M) at 42 C. The normal pro-
duction of (i) would be cyclic, as suggéstéd by Inouye (47), and in
this respect, this model is exactly the same as the model of Adler -
et al. and the one proposed here. The localization of (M) could
enable thé prefefential complétion of one division as deécribed

for fragmenting filaments if the cell recognized the oldest (M)

. protein, ie. the (M) present at the -time-of-the 30 C + 42 C shift.
Paulton (77) has also described a system which requires the cell to
control the ]ocaliiatidn and preferential coﬁpletion of division
sites.

There are several predictions for division control which could

easiily be tested on Escherichia coli BUG-6. For e*ample, Bazill (8)
has suggested filamentation is due to an altered outer cell wall con-
figuration. Previc (81) suggested thétxihe absence of .an enzyme
related to diamino-pimelic acid.metabolism might cause filamentation.’
.Also,vlnouye and Pardee .(50) showed: that theprIYamihe content must
be correct for cell division to occur'iﬁ'their system and ‘claimed

this as a prerequisite for division, The presence of a EEE&:
mutation has been found to allow division in three'SYStéms which

normally would not be expectéd to divide (36, 48, 56). A valuable

experiment ‘would be the production of a strain of Escherichia. coli
BUG-6 containing the recA lesions to investigate whether division

would then occur at 42.C.
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In summary, Escherichia coli BUG-6 appears’to be a valuable

tool in the investigation of cell division in Escherichia_colif

The present work has characterized the division kinetics of this
mutant and a little of its biochemistry. The control of cell
division has-been shown to involve a temperature-sensitive protein
which is prodUced'at a very high rate at the non-permissive temp-
erature. A protéin has been identified in the cell envelope which-
is prddUced at a much higher rate at 42 C than 30 C and "it is

now necessary to determine whether or not tHislprotein is the one

controlling the division kinetics described. in this work.
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