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DESPITE considerable interest in recent years, the replication of bacterial

DNA and the mechanism of its regulation are still poorly understood, as can
be seen in recent reviews of the subject (Lark 1966; MaaLoe and KJELDGAARD
1966). One approach to the study of essential cellular syntheses is through the
study of temperature-sensitive mutants (Aririon 1966; EpstEIN et al., 1963;
Nremuaropr 1966). Already several papers have appeared describing bacterial
mutants impaired in synthesis of DNA at higher temperature (BoNHOEFFER
1966; Konryama et al. 1966; MeNDELsoN and Gross 1967). The present report
describes a procedure for the isolation of bacterial mutants with temperature-
sensitive synthesis of DNA and the characterization of two mutants representa-
tive of the types which were most frequently encountered. The mutants studied
resemble the two classes found previously (Konryama et al. 1966); but from the
experiments presented here, it is evident that at least one of them represents a
new kind of block in DNA synthesis. A preliminary report of these mutants has
been presented (Fancman 1966).

MATERIALS AND METHODS

Bacteria: The wild-type strain of Escherichia coli used for isolation of temperature-sensitive
mutants was K12SH-28, a thymidine phosphorylase negative, F- prototroph previously described.
Incorporation of radioisotopically-labeled thymidine is a quantitative measure of DNA synthesis
in this strain (FanemaN and Novick 1966). Strain AB2297 is an Hfr obtained originally from
Dr. E. A. ApeLserG. It injects its chromosome during mating in the order origin . . . str ...
mal . .. xyl ... ilv. AB2297 requires isoleucine, valine, thiamine and adenine, and is unable to
utilize xylose.

Media: Glucose-minimal medium is the F-buffer of SaprLer and Novick (1965) supplemented
with 4 mg/ml glucose. Casamino acids-glucose-minimal medium contains, in addition, 2 mg/ml
Difco vitamin-free casamino acids. Other supplements are amino acids (40 ugg/ml each), adenosine
(20 pg/ml) and thiamine (5 pg/ml). LB broth contains, per liter, 12 g Difco tryptone, 5 g Difco
yeast extract, 10 g NaCl and 1 g glucose. BH broth is the brain-heart infusion medium described
by Emric and Nemuarpr (1965) but contains, in addition, 10 g/l glycerol. Agar plates were
prepared by adding 15 g/l Difco agar.

Culture methods: Temperature shifts were accomplished by diluting cultures 1:4 into media
or buffer prewarmed to the new temperature. Experiments in which cells were incubated in
buffer employed unsupplemented minimal medium (F-buffer) as the buffer. Culture growth was
followed spectrophotometrically at 350 mu (supplemented or unsupplemented minimal medium)
or at 600 myu (broth media). Viable counts were determined on BH broth-agar by the spread
plate technique.

1 Present address: Department of Genetics, University of Washington, Seattle, Washington 98105.
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Mutant isolation: Growing cells of strain K12SH-28 incorporate thymidine fairly efficiently
into their DNA (Faneman and Novick 1966). When the compound is provided as H3-thymidine
of high specific radioactivity these cells, when subsequently stored at low temperature, lose via-
bility as a result of the tritium decay. Mutant bacteria unable to synthesize DNA under the
conditions imposed during the presence of H3-thymidine in the medium should not be affected in
this way. This formed the basis for enrichment of mutants defective in DNA synthesis at 37°C.

A culture of bacteria growing in casamino acids-glucose-minimal medium was incubated for
two hours at 25°C with the mutagen ethyl methanesulfonate (19). After intermediate cultiva-
tion at 25°C in the same medium in the absence of mutagen, an exponential phase culture was
shifted to 37°C and after 2 to 60 min, thymidine-methyl-H3 (13.7 mc/umole, New England
Nuclear) was added to 1 pg/ml. Incubation was continued for one to two hrs at 37°C and the
culture chilled. The cells were washed saveral times with buffer and resuspended at a titre of
about 107 cells/ml in buffer containing 109 glycerol. The suspension was distributed into a
series of tubes and frozen at —20°C. Periodically, samples were thawed and plated for viable
counts. When the viability had declined by a factor of 108 to 10¢ (several weeks) the suspension
was diluted and plated on BH broth agar and incubated at 25°C. Colonies which appeared on an
agar plate were replica plated onto two BH broth-agar plates; one was incubated at 25°C and one
at 37°C. In a small number (six) of such mutant searches the following was observed: Approxi-
mately one temperature-sensitive clone was found per 103 clones replica plated. Of the temper-
ature-sensitive isolates from a given search that were examined, approximately 5-109, were
mutants of the type described in this paper.

Auxotrophic mutants were isolated by penicillin enrichment after ethyl methanesulfonate
mutagenesis.

Ci4-thymidine incorporation: For experiments in which DNA synthesis was measured by
Cit-thymidine labeling, 5 pg/ml thymidine-3-C14 (.05 pc/pg; New England Nuclear) was
added to the medium. Samples were taken into an equal volume of cold 109% trichloroacetic acid
containing 2 mg/ml C12-thymidine. After standing on ice at least 30 minutes the samples were
filtered through membrane filters (Gelman GA-6, 24 mm) and the precipitates washed on the
filters with two 10 ml volumes of cold water. Radioactivity was determined in a liquid scintil-
lation counter.

Chemical determinations: RNA was determined by the orcinol method (ScunripeEr 1945),
protein by the phenol method (Lowry et al. 1951), and DNA by a modified diphenylamine
method (GiLes and Myers 1965). These determinations were carried out on cold 5% trichloro-
acetic acid washed cell samples.

Determination of nucleoside triphosphates: For determination of nucleotide pools, cells were
grown several generations at 25°C in the low phosphate Tris-glucose medium of EpLiN and
Maavrge (1965) containing P32-orthophosphate (100 uc/#mole). The cultures were then diluted
into the same medium at 39°C and samples taken at intervals. Culture samples were rapidly
filtered on membrane filters (Gelman GA-6, 24 mm) and the filter wetted with 0.5 ml cold
0.5 ~v perchloric acid. After extraction in the cold for 30 min the precipitated cells were removed
by centrifugation and the perchloric acid removed by addition of KOH. Separation of nucleoside
triphosphates in the samples was performed on poly(ethyleneimine) cellulose-coated plastic
sheets prepared as described by RanperaTe and RanperaTr (1966). Chromatography was two
dimensional (procedure 2 of Neumarp and MuNce-PErERsSON 1966), resulting in separation of
the eight nucleoside triphosphates. For each sample chromatographed, coincidence of radioactivity
and carrier nucleotides was verified by autoradiography. Spots corresponding to the nucleotides
were cut out of the chromatogram and radioactivity dstermined directly in a liquid scintillation
counter.

Enzyme assays: B-galactosidase was determined in toluene-treated culture samples as pre-
viously described (Howrrucai, Tomrzawa and Novick 1962). Cell-free extracts were prepared
from bacteria washed and resuspended with .05 m Tris-HCl, pH 7.5-.01 M 2-mercaptoethanol by
rupture in a French pressure cell, followed by centrifugation to remove cell debris. DNA poly-
merase activity was assayed mn cell-free extracts with the system described by Ricmarpson et al.
(1964) employing activated calf thymus DNA, except that the buffer was Tris-HCl, pH 7.5.
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The labeled substrate was o-P32-dATP (International Chemical and Nuclear Corp.). Deoxy-
ribonucleoside monophosphate kinase activities were measured by substituting individual un-
labeled deoxyribonucleoside monophosphates or P32-TMP in the DNA polymerase assay where
polymerase activity is in excess.

Bacteriophage growth: The media and techniques used for preparation and assay of T4B are
in the literature (Sftcuaup et al. 1965). Tryptone broth was the medium employed for the experi-
ment reported in Table 4. Lysates of Avir 1210, a virulent strain of A, were prepared and assayed
on tryptone broth-agar plates (Stcuaup et al. 1965). Growth medium for the bacteria used in
Apir 1210 experiments was M9 (StcHAUD e al. 1965) supplemented with, per liter, 15 g decolor-
ized casamino acids, 0.5 g NaCl, 0.6 g MgSO, and 2 g maltose. For the experiment reported in
Table 5, phage in TM buffer (.01 m MgS0,-0.01 m Tris-HCl, pH 7.4) were added to bacteria
(5 X 108/ml) prewarmed to 39°C in TM buffer. After 15 minutes the mixture was diluted 10
fold into 39°C growth medium containing C14-thymidine.

Bacterial matings: Mating experiments were carried out in LB broth by the methods described
by Tayror and THoMAN (1964). Incubation was for 15 minutes at 37°C followed by 2.5 hrs at
25°C. The bacteria were then washed with buffer and plated on appropriately supplemented
glucose-minimal agar and incubated at 39°C.

RESULTS

Synthesis of macromolecules at higher temperature: Mutants FA21 and FA22
show a behavior after shift to higher temperature which is typical of two kinds
of DNA-defective mutants most frequently encountered in a series of searches.
When cultures of these mutants growing at 25°C are transferred to 39°C culture
optical density increases initially at near wild-type rates (Figure 1). However,
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Fioure 1.—C14-thymidine incorporation and mass increase by cultures of mutants shifted
from 25°C to 39°C. The medium was BH broth and the cultures were grown in the C14-thymidine
containing medium several generations at 25°C before the shift. The values are normalized to
the values at zero time. The dashed lines represent data for both culture optical density and C14-
thymidine incorporation by the wild type.
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TABLE 1

Increase in mass, protein, RNA, DN A and total cells in cultures of mutants
and wild type shifted to 39°C*

Time at

Strain 39°C (min) Mass Protein RNA DNA Cells
K12SH-28 (wild) 0 1.0 1.0 1.0 1.0 1.0
30 1.8 1.5 1.7 1.5 2.0

60 36 2.8 3.6 3.6 3.7

90 6.6 5.6 6.8 5.5 4.8

120 13 99 13 10 9.8

FA22 0 1.0 1.0 1.0 1.0 1.0
30 1.4 1.4 1.4 1.1 1.2

60 2.4 22 2.3 1.2 1.1

90 34 2.6 2.8 1.2 13

120 4.2 32 32 1.3 1.3

FA21 0 1.0 1.0 1.0 1.0 1.0
30 . 20 2.0 2.0 1.2 1.4

60 32 4.0 39 1.5 1.9

90 58 7.3 6.3 1.7 ..

120 8.6 12 9.4 1.9 2.8

* Cultures growing in casamino acids-glucose-minimal medium at 25°C were shifted to 39°C
in the same medium. Mass was measured as culture optical density at 350 mg. Protein, RNA and
DNA were measured by colorimetric assays (MATERIALs AND METHODS). Samples for total cells
were taken into an equal volume of 109 formalin and counted under a phase contrast microscope
with a Petroff-Hausser counter. All values are normalized to the value at zero time.

as shown in Figure 1, DNA synthesis in FA22 ceases immediately and in FA21
occurs at a near normal rate for approximately one hour and then stops. The
data in Table 1 show that at 39°C there are increases in RNA and protein com-
mensurate 'with the optical density increase. Moreover, formation of g8-galactosi-
dase can be induced with normal kinetics at higher temperature (data not shown)
indicating that protein synthesis and messenger RNA metabolism are normal.
These results show that DNA synthesis is very preferentially inhibited in the
mutants.

When the kinetics of synthesis of DNA are compared for cultures shifted to a
series of temperatures, a difference in behavior of the two mutants is still evident.
In Figure 2B it can be seen that after transfer to higher temperatures strain FA21
shows an initial rate of DNA synthesis which is the same as the wild type, but
synthesis stops earlier the higher the temperature. In contrast, strain FA22 upon
transfer to higher temperature makes DNA at a fixed reduced rate whose value
varies sharply with temperature (Figure 2A).

That no breakdown of DNA occurs after transfer of these mutants to higher
temperature is suggested by the results in Table 1. Further experiments have
shown that no appreciable turn-over of DNA occurs for at least three hours at
39°C (data not shown).

Effects on cell division and viability: In cultures of FA21 and FA22 at 39°C
increase in cell number approximately parallels DNA increase (Table 1). The
increase in culture optical density at 39°C, which can occur up to at least 20-fold,
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Ficure 2—Kinetics of DNA synthesis by cultures of mutants shifted from 25°C to various
temperatures. DNA synthesis was measured by Ci¢-thymidine incorporation and the values are
normalized to the values at zero time. The time scale is in doublings of the wild type. Data for
the wild type by definition follow the 25°C or 30°C line for all temperatures. A. Data for mutant
FA22. B. Data for mutant FA21.
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Ficure 3.—Loss of colony forming ability at 25°C by cultures of mutants shifted to 39°C in
casamino acids-glucose-minimal medium. The data are expressed as the total colony formers at
any time (S) divided by the number of colony formers at zero time (S,).
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is reflected by an equivalent increase in cell length. In both strains there is, in
addition, a rapid decline in viability associated with the arrest of DNA synthesis,
as shown in Figure 3. One possible explanation would be that cells become fragile
at 39°C and are killed during plating. This seems not to be the case, however,
since a similar death rate is found when cells at 25°C are transferred to pre-
warmed broth agar plates which are then cooled to 25°C at various intervals. In
further experiments it was found that loss of viability is correlated with the
increase in cell mass; conditions which slow formation of mass decrease the
death rate. Starvation for a required amino acid in auxotrophic strains prevents
death altogether.

These facts suggest that death is a consequence of a secondary event initiated
by cessation of DNA synthesis. This interpretation is supported by the existence
of mutants which can be isolated from FA22 which do not lose viability following
arrest of DNA synthesis. The behavior of one of these, FA2206, is illustrated in
Figure 4. FA2206 appears to retain all the other properties of FA22.

Recovery of DNA synthesis: For study of the recovery of DNA synthesis after
high temperature treatment, a culture of FA22 growing at 25°C in BH broth was
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Ficure 4—C1¢-thymidine incorporation and increase in mass and colony forming cells by a
culture of mutant FA2206 shifted from 25°C to 39°C. Colony forming cells were determined by
plating at 25°C (MATERIALs AND METHODs). Other details are in the legend of Figure 1.
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transferred to 39°C for one hour and then returned to 25°C. Synthesis of DNA
resumed very slowly, increasing at most by 309 after three hours. Recovery is
more rapid in FA2206, the strain which remains viable, there being a doubling
of DNA after three hours. The wild type, K12SH-28, when treated similarly,
commences synthesis at the ultimate 25°C rate imimediately, giving a four fold
increase after three hours. In further experiments cultures of FA22 in BH broth
at 25°C were washed, transferred to buffer at 39°C for one hour, and then
returned to BH broth at 25°C. Synthesis of DNA resumed at the normal rate
after a lag of about the same length (90-120 minutes) found with wild type
treated similarly. To distinguish whether the resumption of synthesis in these
experiments indicates a reversibility of the inactivation of the thermosensitive
element or results from de novo synthesis of this element, presumably a protein,
recovery of synthesis of DNA at 25°C was observed in medium containing
chloramphenicol (100 ug/ml). From the results in Table 2, it can be seen that
there is substantial recovery of synthesis of DNA in the presence of chloram-
phenicol, as if the effect of heating at 39°C on the thermolabile element is, at
least in part, reversible.

Strain FA21 which continues to make DNA for a while after shift to 39°C
shows a rapid recovery upon return to 25°C, and this recovery still occurs when
protein synthesis is inhibited by chloramphenicol, as can be seen in Figure 5.
Assuming that the temperature-sensitive element in FA21 is a protein, this
experiment would indicate that inactivation of the element at 39°C is reversible.
When the 39°C culture is returned to 25°C in media without chloramphenicol,
synthesis of DNA resumes at a rate 509, greater than normally observed at 25°C,
while culture optical density increases at the normal rate. The normal DNA:mass
ratio is therefore quickly restored.

Biochemical basis: It appears that the lesions in FA21 and FA22 occur at some
step in the synthesis of DNA after precursor supply since the deoxyribonucleo-
side triphosphates continue to be made after transfer to 39°C, as can be seen from
the results reported in Table 3. Further it can be seen that there is little, if any,
decrease in the level of these nucleotides; and, in fact, there is an increase in the
levels of dATP and dTTP.

TABLE 2

Net DNA synthesized by mutant FA22 in the presence of chloramphenicol
at 25°C after incubation in buffer at 39°C*

Time in C'4-thymidine incorporated
buffer at 39°C (min) at 25°C (mpg/ml)
0 21
45 13
60 9.1
120 4.3

* The medium at 25°C was glucose-minimal; chloramphenicol (Parke, Davis Co.) was used at
100 gg/ml. Incorporation of Cl4-thymidine was followed in each culture for several hours. The
values presented are the plateau values.
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Fieure 5.—Recovery of DNA synthesis at 25°C by a culture of FA21 previously transferred
to 39°C. The data at 25°C were obtained with parallel cultures incubated at 39°C but which did
not receive Cl4-thymidine until transfer back to 25°C. All data were normalized to the amount
of DNA present at the time of shift to 39°C. The rate of protein synthesis in the chlorampheni-
col treated culture, measured by Gl4-arginine incorporation in another parallel culture, was less
than 19 of that in the culture without chloramphenicol.

Several enzyme activities which are presumed to be necessary for cellular
DNA replication were measured directly to see if they were thermolabile in the
mutants. Crude cell-free extracts from cells grown at 25°C or after shift to 39°C
for varying periods were assayed at 25°C and at 39°C, for the two mutant strains
and for the wild type. No significant thermolability of DNA polymerase activity

TABLE 3

Increase in mass and deoxyribonucleoside triphosphates in cultures of
mutants and wild type shifted to 39°C*

Time at

Strain 39°C (min) Mass dATP dCTP dGTP dTTP
K12SH-28 (wild) 0 1.0 1.0 1.0 10 1.0
45 1.5 1.7 2.4 2.9 1.9
90 2.5 34 5.4 3.4 2.6
150 4.6 5.9 8.8 6.1 6.5
FA22 0 1.0 1.0 1.0 1.0 1.0
45 1.6 5.1 3.4 2.5 4.1
90 2.4 14.5 6.0 4.1 73
FA21 0 1.0 1.0 1.0 1.0 1.0
45 1.6 2.0 2.4 1.5 1.8
90 2.6 5.2 4.4 1.8 4.0

150 4.4 7.6 8.3 4.0 11

* The technique for measurement of the deoxyribonucleoside triphosphates is given in
MATERIALS AND METHODS; the values are normalized to the amount per ml of culture at zero time.
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TABLE 4
T4B stimulated DN A synthesis by wild type and mutants at 39°C*

C-thymidine incorporated

Experiment Strain No phage Plus T4B
mpyg/ml
A K12SH-28 (wild) 140 730
FA22 3.3 364
B K12SH-28 (wild) 166 1150
FA21 2.9 1080

* Values presented are for incorporation after 30 min incubation with C!4-thymidine and
phage. In experiment A the cultures were incubated 5 min at 39°C and in experiment B, 90 min
at 39°C before addition of Cl¢-thymidine and phage. Incorporation values are normalized to
initial culture densities of 0.10 at 600 myu. Multiplicity of infection was about 3.0. Other details
are in MATERIALS AND METHODS.

or of kinase activities for the four deoxyribonucleoside monophosphates was
observed (see MATERIALS AND METHODS).

That the lesions do not preclude synthesis of all DNA molecules in the mutant
cells is shown by the ability of phage T4B to make near normal quantities of
DNA at 39°C, both in FA21 and FA22 (Table 4). On the other hand, the phage
Avir 1210 is unable to form DNA in these mutants at 39°C, as reported in Table 5,
although adsorption of this phage is very good at 39°C. The wild-type bacterium
supports Avir growth, and therefore DNA synthesis, at 39°C (Table 5) and both
FAZ21 and FA22 support the growth of this phage at 25°C. Evidently the thermo-
labile element in the mutant bacteria is needed for normal A development.

Genetic mapping: Both strains FA21 and FA22 revert to wild type tempera-
ture-sensitivity at frequencies consistent with the existence of single mutations,
cultures grown at 25°C having about 10-* revertants when plated at 39°C.
Although the exact genetic location of the mutations in FA21 and FA22 is un-
known, the results of several bacterial matings indicate that both are linked to

TABLE 5

DNA synthesized and phage yield by wild type and mutants infected
with a virulent strain of N at 39°C*

Cl4-thymidine incorporated

Strain No phage Plus hvir Phage yield
mpg/ml
K12SH-28 (wild) 335 110 54
FA22 <4 <4t <1
FA21 <4 <44 <1

* Values presented are for incorporation and phage yield after 80 min incubation in growth
medium. K12SH-28 and FA 22 were grown at 25°C and FA21 was grown 90 min at 39°C
before being washed and placed in TM buffer at 39°C for adsorption of phage (MATERIALsS AND
mETHODS). Multiplicity of infection was about 4.0 and adsorption was greater than 90% in all
three cultures. Phage yield is the number of phage per infected bacterium determined on chloro-
forr)n lysed samples. The initial optical density of all three cultures was the same (0.30 at 600
my).

4 Corresponds to less than 8 A DNA equivalents per cell.
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the locus for streptomycin resistance. For example, Hfr AB2297 was mated with
streptomycin resistant derivatives of both mutants (see MATERIALS AND METHODS ).
and tst adet recombinants selected. Among 100 recombinants purified and
tested, 90% from the FA22 mating and 789% from the FA21 mating received the
streptomycin marker from the Hir parent. Only about 509 of the recombinants
from each mating received the xylose marker from the Hfr. Since 20 recombina-
tion units correspond to the length of chromosome transferred in approximately
one minute (Jacos and WorrLman 1961; Low 1965), the mutations in FA22 and
FA21 reside within about one minute of transfer from the locus for streptomycin
resistance.

Physiological studies: In some respects strain FA21 resembles a mutant already
reported (Komivama et al. 1966; Korryama et al. 1963) which makes a limited
amount of DNA after transfer to higher temperature. Such behavior was inter-
preted on the basis of the presence of a thermosensitive initiator, a specific protein
postulated to be necessary for a new round of replication of the bacterial genome
(Jacos, BReNNER and CuziN 1963; MaarLge 1963). The limited synthesis was
compared to that which is observed in the wild-type strain after transfer to con-
ditions where synthesis of protein is blocked, e.g., in the absence of a required
amino acid or in the presence of chloramphenicol. Bacterial DNA molecules in
the process of being replicated at the time the block is imposed are thought to
finish replicating (Lark 1966; MaaLot 1963). The amount of DNA produced
by strain FA21 at higher temperature is very temperature-dependent, and it is
difficult to interpret this property as resulting from a thermosensitive initiator of
DNA synthesis, Nevertheless, in an attempt to understand the nature of the
limited synthesis in FA21 several experiments were performed and the results
compared with those expected for a cell possessing a thermosensitive initiator.

Studies were first made of the limited synthesis of DNA observed after transfer
of FA21 to higher temperature or upon addition of chloramphenicol to the wild
type. As can be seen in Figure 6 the quantity of DNA made after transfer of a
BH broth culture of FA21 to 39°C corresponds to that observed when the ‘wild
type is transferred to medium with chloramphenicol. But as can be seen from
Figure 2B, the increment of DNA made by FA21 depends on the temperature
used, and, therefore, the agreement at 39°C with chloramphenicol-inhibited wild
type is apparently fortuitous. In addition, FA21 and chloramphenicol inhibited
wild type differ in their response to media which afford different rates of growth.
Media which give slower growth rates result in decreased increments of DNA
being produced after transfer of FA21 to higher temperature or after addition of
chloramphenicol to wild type (Table 6). The mutant usually synthesizes more
DNA, however, and agreement is found only in media giving high growth rates.
Furthermore, for the mutant the medium at 25°C has little effect on the amount
of DNA made after transfer to different media at 39°C. When FA21 is trans-
ferred to nutritionally richer media at 39°C the rate of synthesis of DNA in-
creases abruptly (data not shown), and the final increment is greater than for
samples kept in minimal medium (Table 6). In contrast, the post-shift medium
has no effect on the rate of synthesis of DNA or on the final increment of DNA
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Ficure 6.—DNA synthesis at 39°C by wild type inhibited with chloramphenicol and mutant
FA21. The medium was BH broth and both strains had been grown several generations at 25°C
in the medium containing C14-thymidine. DNA increases in the chloramphenicol (50 ug/ml)
treated culture of the wild type (O—Q) and in the culture of the mutant (@-—¢@ ) are shown.

in the case of the wild type inhibited by chloramphenicol. It should be noted,
however, that the wild type when not inhibited by chloramphenicol exhibits a
fairly abrupt increase in rate of synthesis of DNA after transfer to richer medium.

A possible explanation of the behavior of FA21 is that some enzyme involved
in the synthesis of DNA loses activity slowly, complete inactivation requiring
about 90 minutes at 39°C. This was tested by heating the mutant in buffer
at 39°C to see if this would abolish the capacity to make DNA after return to

TABLE 6

DNA synthesized by mutant FA21 and chloramphenicol inhibited wild type
at 39°C in different media

Increment of DNA synthesized at 39°F

Medium Normal 39°C Wild type plus
doubling time of Mutant  chloramphenicol*
25°C 39°C wild type (min) (percent) (percent)

BH broth BH broth 22 200 140
casamino acids- casamino acids-
glucose-minimal glucose-minimal 30 178 72
glucose-minimal glucose-mintmal 60 165 57
glycerol-minimal glycerol-minimal 75 104 39
glycerol-minimal glucose-minimal 60 165 42
glycerol-minimal casamino acids-

glucose-minimal 30 198 40

* Chloramphenicol was used at 100 gg/ml.
+ The DNA increment was determined by following Ct#-thymidine incorporation until incor-
poration plateaus were reached in the cultures.
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Ficure 7.—DNA synthesis by mutant FA21 after incubation in buffer at 39°C. A casamino
acids-glucose-minimal culture of FA21 growing at 25°C was washed and incubated in buffer at
25°C for 135 min; part was then shifted to 39°C in casamino acids-glucose-minimal medium
(@—@) and part shifted to 39°C in buffer (O—Q), both containing C1¢-thymidine. After 75
min of incubation casamino acids and glucose were added to the buffer culture.

growth medium. To insure complete arrest of synthesis during heating, a
washed culture of FA21 was first incubated in buffer at 25°C for 135 minutes
by which time residual synthesis has stopped. The culture was then divided
into two parts, both were shifted to 39°C, one into medium containing C*-
thymidine, and the other into buffer containing C!*-thymidine (Figure 7).
After 75 minutes the culture in buffer was supplemented with glucose and
casamino acid. By this time the control culture (medium) had almost attained
its final increment of DNA. Yet in the supplemented buffer culture at this time,
synthesis of DNA commenced at a normal rate and yielded almost the same final
increment as the control culture (Figure 7). This shows that the limited synthesis
of DNA in FA21 after transfer to higher temperature is not the result of a simple
thermal inactivation of some agent involved in synthesis of DNA. The inactiva-
tion is apparent only when the cells are permitted to grow. The results are con-
sistent with the behavior expected for a thermolabile initiator, i.e., despite inacti-
vation of initiator during the heat treatment in buffer, rounds of replication of
DNA already underway are completed when the cell is allowed to synthesize the
necessary DNA precursors.

The result of an additional experiment also seemed consistent with that notion.
After arrest of DNA synthesis at 39°C a culture of FA21 was cooled to 25°C for
a short time (30 minutes) then returned to 39°C. The rationale of this experiment
was that a short exposure to lower temperature would allow active temperature-
sensitive element (presumably a protein) to be synthesized or renatured (see
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Ficure 8 —DNA synthesis at 39°C after cooling a culture of FA21 in which synthesis had
been arrested at 39°C. A casamino acids-glucose-minimal culture of FA21 growing at 25°C was
transferred to 39°C medium containing C4-thymidine. Incorporation by a culture always at
39°C (@—@), and portions cooled to 25°C for 30 min with ([J—[J) or without (O—QO)
chloramphenicol (100 ug/ml) is shown.

Figure 5), which, if it were involved with initiation of DNA synthesis, might be
sufficient to start additional rounds of replication which would continue at 39°C.
Figure 8 shows that DNA synthesis does resume at 39°C giving a rate of synthesis
and increment of DNA which is two to three times that found during the initial
39°C treatment. The presence of chloramphenicol (100 ug/ml) at 25°C does not
prevent the burst of DNA synthesis at 39°C (Figure 8) suggesting that the burst
is not dependent on protein synthesis at 25°C. Moreover, neither starvation for
uridine or leucine in a uridine-leucine auxotroph nor addition of 5-fluorodeoxy-
uridine (5 pg/ml) to inhibit DNA synthesis at 25°C has been found to markedly
reduce the subsequent burst of DNA synthesis. Glucose starvation at 25°C does
reduce it as much as 759 (data not shown), suggesting that the process is energy-
dependent. The burst of synthesis at 39°C after cooling could represent initiation
and completion of new DNA replication cycles.

If synthesis of DNA stops in FA21 because of inactivation of the presumed
initiator then blocking protein synthesis at the lower temperature and allowing
DNA synthesis to come to a halt should deplete the cell of the temperature-
sensitive element. To test this a leucine auxotroph of FA21 (FA2105) was
deprived of leucine at 25°C and formation of DNA observed (Figure 9). (FA2105
exhibits the typical pattern of DNA synthesis when starved for its required
amino acid at 25°C or 39°C.) The 25°C leucine-starved culture was then trans-
ferred to 39°C, and one portion was provided with leucine. Protein synthesis,
estimated from increase in optical density, resumed immediately. If the initiator
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Ficure 9.—DNA synthesis at 39°C by mutant FA21 after amino acid starvation at 25°C.
The medium was glucose-minimal. The amino acid-starved culture at 25°C was shifted to the
same medium at 39°C (@ —@ ). Part of it received 40 ug/ml leucine after 10 min (X—X).
C14.thymidine was present since—5 hours at 25°C.

is depleted when synthesis of DNA ceases at 25°C and if it is rapidly inactivated
n the mutant at 39°C, one would not expect synthesis of DNA to resume after
transfer to 39°C plus leucine. But, as can be seen from Figure 9, after a short lag
synthesis of DNA resumes at a high rate, and a large increment of DNA is pro-
duced. This resumption of DNA synthesis, as expected from the behavior of wild
type treated similarly, is dependent on protein synthesis since addition of chlor-
amphenicol (100 pg/ml) along with leucine prevents it. The thermolabile ele-
ment in FA21 would appear not to correspond to the hypothetical initiator,
though this experiment does not tell whether or not the element is involved with
DNA initiation.

DISCUSSION

The characterization of temperature-sensitive mutants FA21 and FA22 indi-
cates that as with other mutants (BonroerrFeR 1966; KorIYAMA et al. 1966) the
genetic lesions result in a preferential block of DNA synthesis since there is no
evident immediate effect on RNA and protein synthesis. The blocks apparently
occur at some biosynthetic step after precursor supply. Presumably, then, the
mutations result in the alteration of elements directly involved with the DNA
replication process. As in the case of other mutants (BoNroEFFER 1966; KoHi-
YAMA et al. 1966), the DNA polymerase appears unchanged in FA21 and FA22,
and defects in other enzymatic or structural elements must be sought.
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Since the rapid loss of viability which occurs when DNA synthesis is stopped
in the mutants at higher temperature depends on RNA and protein synthesis,
and since further mutations can occur which prevent the loss of viability, it is
likely that death of the bacteria is the result of some secondary phenomenon
induced by the arrest of synthesis of DNA, It is not surprising that excessive cell
division does not occur in the absence of DNA synthesis in the mutants. Bacteria
might be expected to have a control mechanism which couples these two synthetic
processes so that cessation of DNA synthesis does not result in production of
bacteria without genetic material.

The behavior of FA21 is not easily reconcilable with the idea that a protein
needed only for the initiation of a round of DNA replication is thermolabile. In
particular, the extent of synthesis of DNA after shift to higher temperature is
very temperature-dependent (Figure 2) as though replication comes to a halt at
some arbitrary point rather than at a fixed initiation point. Other experiments
provide additional evidence which argues against the temperature-sensitive ele-
ment in FA21 being the initiator of DNA replication which has been proposed by
others (Jacos, BRENNER and Cuzin 1963; Maasree 1963). First, amino acid
starvation of the FA21 auxotroph which would be expected to deplete the bacteria
of the presumed initiator does not deplete them of the temperature-sensitive agent
(Figure 9). Second, after arrest of DINA synthesis at higher temperature, FA21
is unable to support the growth of phage A (Table 5) which is thought to possess
its own imitiator (Jacos, BRENNER and Cuzin 1963). This i1s in contrast to a
mutant interpreted as having a labile initiator in which A can grow (Koriyama
et al. 1966). On the other hand the experiment in which cooling FA21 to 25°C
for a short period results in a large additional burst of DNA synthesis at 39°C
(Figure 8) seems most easily explained as a stimulation of DNA replication
cycles. More direct tests to determine whether DNA molecules finish being repli-
cated in FA21 at higher temperature will clarify these interpretations.

It is not clear whether the difference of behavior of the two mutants studied
necessarily implies the existence of two distinct proteins involved in the synthesis
of DNA. Although FA21 continues after transfer to higher temperature to make
DNA at a rate initially identical to the wild type, while FA22 immediately
achieves a rate slower than the wild type and characteristic of the higher temper-
ature (Figure 2), the two could involve the same protein. In the case of FA22
one could assume that the sensitive enzyme furnctions less efficiently the higher
the temperature. In the case of FA21 one could assume, for example, that the
sensitive enzyme is fully active at all temperatures and that inactivation occurs
only during function at higher temperature.

The observation that the phage A, unlike T4, requires the temperature-sensitive
function in the bacterial mutants for replication of its DNA may provide a con-
venient tool for probing the nature of the lesions. It will be of interest to deter-
mine the fate of the infecting A DNA molecule and of A prophage in the mutants
at higher temperature. More insight into the nature of the lesions should come also
from further investigation of the genetics of these mutants.
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SUMMARY

A procedure for the isolation of mutants of Escherichia coli with temperature-
sensitive synthesis of DNA is reported, and characterization of two mutants
typical of those most frequently encountered is presented. In one mutant transfer
to higher temperature leads to an immediate fall in the rate of DNA synthesis;
in the other, synthesis continues at a constant rate for approximately one hour
before stopping. In both mutants, the effect on DNA synthesis is very preferential
since RNA and protein synthesis continue for as much as a twenty-fold increase.
After arrest of DNA synthesis, continuation of RNA and protein synthesis leads
to rapid loss in viability. The block in DNA synthesis appears to affect replication
directly since the deoxyribonucleoside triphosphate precursors of DNA can be
made. Growth of phage T4 can occur but not of phage A, indicating that the
temperature-sensitive element in the bacteria is needed for normal A development.
In the mutant in which DNA synthesis continues for a time before stopping, the
temperature-sensitive element does not appear to have the properties expected for
the initiator of DNA synthesis postulated by others.
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