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Temperature-sensitive DNA polymerase mutants (draE) are protected from cell death on incubation at
nonpermissive temperature by mutation in the cyd4 gene controlling cytochrome bd oxidase. Protection is
observed in complex (Luria-Bertani [LB]) medium but not on minimal medium. The cyd4 mutation protects
a thymine-deficient strain from death in the absence of thymine on LB but not on minimal medium. Both drnaE
and Athy mutants filament under nonpermissive conditions. Filamentation per se is not the cause of cell death,
because the dnaE cydA double mutant forms long filaments after 24 h of incubation in LB medium at
nonpermissive temperature. These filaments have multiply dispersed nucleoids and produce colonies on return
to permissive conditions. The protective effect of a deficiency of cyd4 at high temperature is itself suppressed
by overexpression of cytochrome bo3, indicating that the phenomenon is related to energy metabolism rather
than to a specific effect of the cyd4 protein. We propose that filamentation and cell death resulting from
thymine deprivation or slowing of DNA synthesis are not sequential events but occur in response to the same
or a similar signal which is modulated in complex medium by cytochrome bd oxidase. The events which follow
inhibition of replication fork progression due to either polymerase inactivation, thymine deprivation, or

hydroxyurea inhibition differ in detail from those following actual DNA damage.

Unbalanced growth has been invoked as a cause of death
after thymine starvation (6) and as a result of restricted DNA
synthesis in temperature-sensitive mutants of the Escherichia
coli replicative polymerase (29). However, an exact definition
in molecular terms of what constitutes unbalanced growth has
not been achieved. Because the end point of the process is cell
death, it should be possible to define the gene products that
play a role in the process in the same manner as the gene
products that play a role in apoptosis have been defined (10,
15). It has been reported that the mazEF toxin-antitoxin sys-
tem is involved in thymineless death (27). However, activation
of the mazF riboendonuclease (36) is likely to be only an end
point in a chain of reactions leading to cell death, similar to the
chain of reactions leading to apoptotic death in eukaryotic
cells. An important clue to the factors leading to thymineless
death must be the observation that mutation of the recQ gene
makes E. coli resistant to thymineless death (23). The recQ
gene product is a helicase, likely involved in the repair of
stalled DNA replication forks (35). These findings imply that
events at a stalled replication fork set off a chain of events
which lead to cell death. We have started to investigate the
steps between inhibition of replication fork movement and the
death of the cell in bacteria by identifying a gene, cydA4, coding
a subunit of the cytochrome bd oxidase which, when in mutant
form, protects temperature-sensitive dnaE mutants from death
(29). In this paper, we show that this mutation also protects a
thymine-requiring mutant from thymineless death. However,
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this protection only occurs when cells are incubated in complex
(Luria-Bertani [LB]) medium; there is no protection on min-
imal medium. Inhibition of cell division, resulting in filamen-
tation in E. coli, is often associated with cell death. Using the
cydA mutant, we also show that filamentation due to inhibition
of DNA synthesis is not itself lethal. Finally, we show that the
effect of cytochrome bd oxidase mutation is related to its role
in energy metabolism rather than due to a new function for this
gene. We propose that filamentation and cell death are not
sequential events but that both occur in response to the same
or a similar signal.

MATERIALS AND METHODS

Strains. The bacterial strains used in this study are shown in Table 1. We used
an allele of the cydA gene with a C—T mutation at nucleotide 770934, resulting
in a Ser—Phe change at amino acid 85 (29). The E. coli Genetic Stock Center has
assigned this mutation the designation cydA85. Plasmid pBR322 was purchased
from Fermentas. Plasmid pTK-1 (16), including the cydA4 gene, and pJRcyOhis,
including the ¢yO operon (25), were provided by R. Gennis. The Athy deletion
was obtained from strain KL742 (N~ thyA748::Tnl0 rph-1 deo77) provided by H.
Engelberg-Kulka.

Media and general methods. The media and general microbiological tech-
niques used were described by Miller (22). Thymine-requiring strains do not
grow on LB medium; therefore, we supplemented complex medium with 100 g
of thymidine/ml. Because cyd mutants have a high mutation frequency (34), we
prepared overnight cydA85 cultures by growth on minimal medium in which the
appearance of revertants appears much less frequently. Flow cytometry experi-
ments were performed using a Becton Dickinson LSRII Laser Scanner utilizing
DiVa software. Overnight cultures were diluted 1:1,000 and incubated at non-
permissive conditions. The cells were then transferred to 27°C and incubated as
indicated. Cephalexin (10 pg/ml), rifampin (150 wg/ml), and chloramphenicol
(25 pg/ml) were added to prevent further cell division and initiation of new
rounds of DNA synthesis, and incubation was continued for an additional 3 h.
The cells were then harvested, resuspended in 10 mM Tris-HCI (pH 7.5), and
fixed with 70% ethanol. Fixed cells were stored overnight at 4°C. For staining, the
cells were centrifuged, washed with an equal volume of 10 mM Tris—10mM
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TABLE 1. Strains used

Identifying genotype

. Characteristics
of strain

Reference and/or source

BS40 (dnaE™)
dnaE74 (BS40dnaE74)

metB metD A(proAB lac) rpsL (Sm")
metB metD A(proAB lac)dnaE74 rpsL (Sm")

31
30

Athy N thyA748:Tnl0 rph-1 deo77 E. coli Genetic Stock Center (K. B. Low) via H. Engelberg-Kulka
BS40Athy metB metD A(proAB lac) rpsL (Sm") thyA748::Tnl This paper; from Athy by P1 transduction
dnaE74 cydA85 Tet" metB A(proAB lac) rpsL (Sm") dnaE74 cydA85 29
nadA57::'Tnl0
dnaE" cydA85 Tet" metB metD A(proAB lac) rpsL (Sm") cydA85 29
nadA57::Tnl0

cydA85 Tet®
Athy cydA85 mutant

metB metD A(proAB lac) rpsL (Sm") cydA85
thyA748::Tnl10 metB metD A(proAB lac) rpsL
(Sm") cydA85

dnaE74/pBR322 metB A(proAB lac) dnaE74 (Ts) rpsL/pBR322
dnaE74/pTK1 metB A(proAB lac) dnaE74 (Ts) rpsL/pTK-1
dnaE74/pcyO metB A(proAB lac) dnaE74(Ts) rpsL/pcyO

This paper; by selection (19)
This paper; from Athy by transduction

By CaCl, transformation (29)
By CaCl, transformation with plasmid from R. Gennis (29)
This paper; by CaCl, transformation with plasmid from R. Gennis

MgCl,, and concentrated to 50 pl per tube. DAPI (4',6'-diamidino-2-phenylin-
dole) solution was prepared in 10 mM Tris—10 mM MgCl, supplemented with 0.1
M sodium citrate and 0.1% Triton X-100 to a concentration of 3 pg/ml. All
solutions used for flow cytometry were filtered through a 0.2-wm-pore-size Mil-
lipore filter. Data were analyzed using the FlowJo program. DNA sequencing
was done by the University of Chicago Cancer Research Center Sequencing
Facility using Applied Biosystems capillary electrophoresis. PCR products were
purified using a QIAGEN Qiaquick Spin purification kit. Protein extraction for
Western blotting was carried out using Sigma CelLytic B lysis buffer (Sigma
B3553) and Sigma protease inhibitor cocktail (Sigma P8465).

Preparation of cells for fluorescence microscopy. Cells were fixed directly in
the medium, essentially as previously described (8). Paraformaldehyde (16%;
Sigma)-60 mM dipotassium phosphate (pH 7.5) and 25% glutaraldehyde
(Sigma) were added to an appropriate volume of culture (1 to 20 ml) to final
concentrations of 3.5%, 13 mM, and 0.32%), respectively. Cells were then allowed
to fix at room temperature for 30 min, followed by an additional 30 min on ice.
Fixed cells were then washed three times in cold phosphate-buffered saline
(PBS) and resuspended in 10 to 50 wl of PBS. Ten-microliter aliquots of fixed
cells were spread on polylysine-coated slides and allowed to sit for 10 min. The
slides were then washed three times with cold PBS and allowed to dry. The cells
remaining on the slide were covered with 10 pl of 0.2 pg of 4',6'-diamidino-2-
phenylindole (DAPI)/ml and incubated 15 min before being washed three times
with cold PBS and mounting with 50% glycerol in PBS and sealing with a
coverslip. The slides were examined on an Axiovert 200 with a 100X oil immer-
sion objective (numeric aperture = 1.4) and a DAPI and enhanced green fluo-
rescent protein (eGFP) filter set. Images were captured with an ORCA ER CCD
camera with fluorescence exposure times of 100 to 300 ms for DAPIand 5to 10's
for eGFP, using Improvision’s Openlab software. Images were processed using
Openlab and Adobe Photoshop software. Image sequences were processed and
converted to MPEG format using Slidebook and the National Institutes of
Health Image program.

RESULTS

Protective effect of cyd485 mutations. Mutation in the
cydA85 gene coding for a subunit of cytochrome bd oxidase of
E. coli protects cells carrying a temperature-sensitive mutation
in the replicative DNA polymerase from death when incubated
at nonpermissive temperature (29). However, by 24 h it is clear
that cells of the dnaE74 cydA85 double mutant are protected
from death only on LB medium; death of the suppressed strain
occurs as rapidly as that of the dnaE74 mutant on minimal
medium (Fig. 1). We have not identified the factors in LB
which promote suppression (or in minimal medium which in-
hibit it). It has been reported that mutants of the cytochrome
bd operon grow more slowly at temperatures above 37°C, al-
though they do survive and form microcolonies (34). A dnaE™
cydAS85 strain formed colonies on minimal agar plates at 40°C,

and cultures incubated from frozen stocks at 27°C were able to
grow in liquid minimal medium (supplemented with methio-
nine, proline, and nicotinamide) at 40°C. CydA™ cells grow
more rapidly than cydA485 cells on LB medium at 40°C but not
at 27°C. After 24 h of incubation on LB plates, cydA85-carrying
strains produce slightly smaller colonies than their cydA™
counterparts

Our initial hypothesis, that unbalanced growth resulted in
cell death, was prompted by the similarity of the factors mod-
ulating death of the dnaE temperature-sensitive mutants to
those modulating thymineless death (1). We therefore decided
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FIG. 1. The cydA85 mutation protects dnaE74 from death on LB
but not on minimal medium. Cultures were grown overnight in mini-
mal medium at 27°C, and the cells were harvested, washed with PBS,
and plated on either LB plus streptomycin or on minimal medium
supplemented with streptomycin, proline, L-methionine, and nicotin-
amide. Plates were incubated at 40°C for the indicated time and then
were shifted to 27°C for an additional 24 to 48 h. The initial cell count
for all samples was from 5.2 X 10® to 7 X 10® cells/ml. In a separate
experiment we showed that the dnaE™ c¢ydA85 mutant grows on min-
imal medium at 40°C. Open symbols, plated on minimal medium; filled
symbols, plated on LB medium; squares, wild type; circles, dnaE74;
triangles, dnaE74 cydASS.
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FIG. 2. Protective effect of the cydA85 mutation on thymineless
death on incubation at 40°C in LB medium. Overnight cultures were
washed and resuspended in LB (filled symbols) or LB plus thymidine
(open symbols) and incubated with shaking at 40°C for the time indi-
cated before plating on LB plus thymidine plates. Squares, Athy; cir-
cles, Athy cydASS5.

to test the effect of the cydA85 gene on thy mutant strains. We
constructed a Athy cydAS85 strain by selecting a tetracycline-
sensitive derivative of dnaE™ ¢ydA85 (Tet") using the fusaric
acid selection technique (19). We sequenced the resulting iso-
lated cydA85 (Tet®) strain to make sure that the original
sergs—phe cydA85 mutation had been retained. We then pre-
pared a Athy cydA85 (Tet") strain by P1 transduction. We
found that the cydA85 mutation protected from cell death
during at least 7.5 h of incubation in LB medium (without
added thymidine) at 40°C (Fig. 2). However, by 24 h of incu-
bation, cell viability in the Athy cydAS85 strain had decreased to
1.1% of the original count. In agreement with the observation
made with the dnaE temperature-sensitive mutant, the cydA485
mutant provided no protection from thymineless death on min-
imal medium (Table 2).

Filamentation and DNA content. After 4 h of incubation at
40°C in LB medium, dnaE74 mutants formed long filaments,
the cultures showed greatly diminished viability, and the
DAPI-stained nucleoids look abnormal (Fig. 3) compared to
those of cells grown under permissive conditions and to data in

TABLE 2. Protective effect of the cyd485 mutation in minimal and
LB medium®

Survival (N/Ny) after 6 h at 37°C in

Mutation Minimal LB
medium medium
Athy 0.023 0.00049
Athy cydA85 mutant 0.00083 3.6

@ Strain A(thy cydA85) was grown for 23 h at 27°C in 10 ml of minimal medium.
The cells were harvested, washed, and resuspended in 2 ml of PBS. Ten micro-
liters of suspension was added to 10 ml of the medium indicated and was
incubated with shaking. Cultures were diluted and plated for viability count on
LB plates incubated at 27°C.
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FIG. 3. Formation of filaments by dnaE74. Cultures were grown
overnight in LB medium at 27°C, harvested, diluted 1:1,000, and then
incubated for 4 h (dnaE74). Cells were stained with DAPI. Top, phase
microscopy; bottom, DAPI-stained fluorescence microscopy.

the literature (37). A pulsed-field electrophoresis study of the
DNA extracted from dnaE74 after 4 h at 40°C in LB medium
showed no sign of degradation (data not shown).

Is filamentation itself a cause of the cell death? Although
dnaE74 cydA85 cells do not filament after 4 h of incubation at
40°C (29), after 22 h a culture is filled with filaments (Fig. 4).
Filaments are seen after incubation in either LB or minimal
medium (data not shown). Along with the filaments formed in
LB medium we observe very small cells, but these do not
contain DAPI-staining nucleoids. We measured the size distri-
bution in cultures of dnaE74 incubated for 4 h at 40°C in LB
medium (made up of cells which mostly do not give colonies)
and of 22 h, 40°C LB cultures of dnaE74 cydA85 mutant (in
which the overall viability has increased) (Fig. 5). The dnaE74
cultures include filaments of an average size of 32 um. The
22-h dnaE74 cydA8S5 culture included a majority of cells of less
than 2.5 pm in length, compared to an average length of 3.6
pm for BS40 wild-type cells incubated for 4 h at 40°C as well
as filaments longer than the average observed in the dnaE74
culture incubated for the same time. The dnaE74 cydA85 cul-



2830 STRAUSS ET AL.

FIG. 4. Formation of filaments by dnaE74 cydA85 cells incubated
for 22 h at 40°C in LB medium. Top, phase microscopy. Arrows
indicate the position of cells without DAPI staining inclusions. Bottom,
DAPI-stained fluorescence microscopy.

ture incubated for 4 h at 40°C had cells of an average size of 5.0
wm, hardly larger than that of the wild type (29) (Fig. 5). In
contrast to dnaE74 (Fig. 3), the larger filaments of dnaE74
¢ydAS85 incubated for 22 h at 40°C include numerous appar-
ently normal nucleoids (37) (Fig. 4). After 24 h, a dnaE74
culture remains highly filamented, but the filaments have a
brittle appearance, which we interpret as a reflection of the
nonviable nature of these bodies.

The recovery of the suppressed strain can be observed by
flow cytometry. Cultures of dnaE74 cydA85 were incubated for
24 h at 40°C and were then diluted and incubated at 27°C. At
times 0, 0.5, 2, and 4 h after the switch to permissive temper-
ature, rifampin, chloramphenicol, and cephalexin were added
to stop the initiation of new rounds of DNA synthesis and to
inhibit further cell division, and incubation was then continued
for another 3 h at 27°C. We measured forward light scatter at
different times after the shift to permissive temperature (Fig.
6). Within 2 h at 27°, the peak light scattering had greatly
diminished. We interpret this alteration to mean that the cul-
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FIG. 5. Size distribution of cells. Open symbols, wild-type BS40

after 4 h at 40°C. Solid symbols, dnaE74 cydA85 after 22 h at 40°C.
Cross-hatched symbols, dnaE74 after 4 h at 40°C.

ture is taken over by the smaller cells similar in size to the wild
type tabulated in Fig. 5.

The DNA content of dnaE74 and dnaE74 cydAS85 filaments
was investigated by flow cytometry and DAPI staining. Over-
night cultures of dnaE74 were incubated overnight at 27°C and
then diluted into fresh medium to an optical density at 600 nm
(ODgqp) of 0.12. They were then incubated for 4 h at 27°C
before the addition of rifampin, chloramphenicol, and cepha-
lexin. These cultures show cells with two peaks of DAPI stain-
ing representing cells with two and four genomes, as has been
repeatedly reported (2) (Fig. 7A). Cultures of dnaE74 incu-
bated at 40°C in LB medium showed two DAPI peaks of
relatively equal size (data not shown). A dnaE74 overnight
culture was diluted and incubated for 4 h at 40°C before being
shifted to permissive temperature (27°C) and medium contain-
ing rifampin, cephalexin, and chloramphenicol (Fig. 7B).

20

0y
10° 10! 10°
FSC-A

FIG. 6. Forward cell scatter distributions of dnaE74 cydA85 cul-
tures incubated 24 h at 40°C and then switched to permissive temper-
ature (27°C) and either (A) not incubated or incubated for (B) 30 min,
(C) 2 h, and (D) 4 h at 27°C before addition of rifampin, chloram-

phenicol, and cephalexin and further incubation for 3 h at 27°C.
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FIG. 7. (A) Flow cytometry of dnaE74 grown at permissive temperature. dnaE74 was grown for 4 h at 27°C, starting with an overnight culture
and then incubated for 3 h with rifampin, chloramphenicol, and cephalexin. (B) Flow cytometry of dnaE74 after 4 h of incubation at 40°C and then
incubated for 3 h at 27°C with rifampin, chloramphenicol, and cephalexin.

These cells showed a broad distribution of DNA content with
filamentous cells (indicated by the higher forward cell scatter
[FCS] values) containing amounts of DNA (measured as DAPI
fluorescence) at least six times the peak values seen in the
control. We observed that dnaE74 cydA85 cultures incubated
24 h at 40°C showed a large broad peak of DNA content along
with many cells containing larger amounts of DNA similar to
the picture observed with dnaE74 (compare Fig. 8A with 7B).
The first peak sharpened and additional peaks became evident
on incubation at permissive temperature (Fig. 8B).
Cytochrome function. We previously reported (29) that of 51
suppressors isolated, at least 49 mapped near cydA85 on the E.
coli chromosome. At least two explanations account for this
specificity: (i) the selection conditions (protection from death
at high temperature) restricted the population of possible sup-
pressor genes, or (ii) cytochrome bd oxidase has an additional
and as-yet undescribed function. To distinguish between these
possibilities, we utilized a plasmid designed to overproduce
cytochrome bo3 (25). This plasmid (pJRHisA) includes genes

for the cytochrome bo3 complex controlled by their own pro-
moter and with a histidine tag (his6) to allow isolation. We
used the his6 sequence to identify the production of protein by
dnaE74 cydA85 at 40°C. Because the cytochrome bd oxidase is
preferentially used at temperatures of 37°C and above (9), we
thought it necessary to demonstrate that cytochrome bo3 was
produced at 40°C. A Western blotting of an extract of dnaE74
cydAS85 after growth at 40°C showed reactivity with anti-his
antibody only when this strain carried plasmid pJRHisA but
not when the strain carried either pBR322 or pTK-1, produc-
ing cytochrome bd oxidase (Fig. 9). We found that plasmid
pjRHisA but not pBR322 partially reversed the protection
from death at 40°C provided by a mutation in cytochrome bd
oxidase (Table 4), much as has been previously reported for
other cyd effects (34). This experiment implies that protection
from cell death is related to the function of the cytochromes
rather than to some specific effect of the cytochrome bd pro-
tein.
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FIG. 8. Flow cytometry of dnaE74 cydA85 cells. (A) Cells incubated in LB medium for 24 h at 40°C. (B) Cells depicted in panel A diluted and
incubated for 4 h at 27°C before addition of rifampin, chloramphenicol, and cephalexin.

DISCUSSION

Unbalanced growth implies that continued synthesis of
RNA and protein in the absence of concomitant DNA synthe-
sis is in some way perceived by the cell as abnormal and leads
to cell death. The concept is more difficult to apply to eu-
karyotes because of the separation in the cell cycle of periods
of active protein and RNA synthesis in G, from DNA synthe-
sis, although inhibition of thymine synthesis leads to cell death,
as it does in bacteria (11, 28). In prokaryotes, this separation
does not occur. Transcription proceeds alongside DNA syn-
thesis (17), and protein synthesis can start on incomplete tran-
scripts (12). Transcription and DNA synthesis are connected,
because the initiation of new rounds of DNA synthesis is de-
pendent on new synthesis of the dnaA protein (21). What is not
clear is the relationship between DNA synthesis and cell divi-
sion. Intuitively, we suppose they are related. Most (but cer-

tainly not all) products of bacterial cell division must have
DNA so that there is some segregation mechanism, but there
is no direct linkage between DNA synthesis and cell division
(3, 4, 24).

E. coli cells dying as a result of what has been called unbal-
anced growth form filaments, indicating a failure of the cell
division (septation) process. This is observed for thymineless
death and is also observed in dnaE74 mutants incubated at
nonpermissive temperature. Almost any treatment which in-
hibits DNA synthesis leads to filamentation (18). A question to
be answered is what is the precise signal that results in inhibi-
tion of septation? An additional issue is whether the inhibition
of cell division is a precursor to the signal for cell death,
because the signal for cell death could separately be a signal to
inhibit cell division. Yet another problem is how to refine the
concept of unbalanced growth to understand the events which
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FIG. 9. Western blot of cytochrome-overexpressing strains. Over-
night cultures of dnaE74 cydA85/pJReyOhis, dnaE74 cydA85/pTK1,
and dna74 cydA85/pBR322 were diluted 1:1,000 into 5 ml of LB pre-
warmed to 40°C. The cultures were grown at 40°C to an ODy, of 0.5
to 1.0, and 1.5 ml of culture was harvested and frozen. The pellet was
resuspended in 400 pl of CelLytic B (Sigma) working stock, treated
with DNase A to a final concentration of 10 pug/ml, and centrifuged to
give the soluble protein fraction. Sample (15 wl) plus loading dye was
electrophoresed for 2.5 h at 125 V in a 7.5% precast polyacrylamide
minigel and transferred onto nitrocellulose. The gel was blocked for
1 h in 0.2% anti-His—horseradish peroxidase conjugate blocking re-
gent and then placed in anti-HIS—horseradish peroxidase conjugate
(1:2,000 dilution; QIAGEN) at room temperature for 1 h. The gel was
washed two times for 10 min with Tris-buffered saline-Tween/Triton
and once for 10 min in Tris-buffered saline buffer. The chemilumines-
cence detection reaction was performed using the Super Signal West
Pico Luminol reagent (Pierce #34080), and the blot was covered with
X-ray film which was exposed for 20 s using a transilluminator.
(A) dnaE74 cydA85 with peyO; (B) dnaE74 cydA85 with pcydA85; and
(C) dnaE74 cydA85 with pBR322.

accompany inhibition of DNA synthesis as a result of either
thymine deprivation, an altered DNA polymerase, or restric-
tion of deoxynucleotides by hydroxyurea inhibition (29). Our
experiments provide some clues to the answers.

We observed that (i) the cyd485 mutation protects dnaE74
mutants incubated at nonpermissive temperature from death
on complex (LB) medium but not on minimal medium; (ii) the
cydAS85 mutation protects a Athy strain from death on complex
(LB) medium but not on minimal medium; (iii) dnaE temper-
ature-sensitive mutants incubated at nonpermissive tempera-
ture form filaments containing heterogeneous amounts of
DNA in an amount ranging from six to eight times the normal

TABLE 3. Overproduction of cytochrome bo3 can substitute for
cytochrome bd oxidase”

Surviving fraction (N/N,) with plasmid

Time at

40°C (h) pBR322 peydAS5 peyO
0 1.0 1.0 1.0
4 3.52 0.016 0.13
6 0.05

“The dnaE74 cydAS85 strain was transformed with plasmid and selected on
plates of ampicillin and tetracycline. Overnight cultures were prepared on LB,
diluted 1:1,000 in LB, and incubated as indicated.
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TABLE 4. Clusters of genes similarly expressed with cyd4“

Minimal medium Rich medium

Gene Correlation Gene Correlation
cydA 1 cydA 1
daeD 0.64 B1491 0.36
dnaK 0.53 csrA 0.69
fts] 0.9 cydB 0.85
gpmA 0.57 panC 0.51
hslU 0.47 pdxY 0.31
hslV 0.41 sodB 0.5
htpG 0.53 yafA 0.73
mopA 0.49 yefM 0.7
oppB 0.92
oppC 0.86
oppD 0.72
oppF 0.48
pfiB 0.79
wlT 0.53
poE 0.71
rseA 0.84
yhbM 0.78

“ Data and analysis provided by A. Khodursky (http:/gia.umn.edu/index.cgi?
DynamicGeneBatchProcessing).

peak amount; (iv) the dnaE74 cydAS85 strain forms filaments
and small anucleate cells when incubated for long periods at
nonpermissive temperature, and filaments are observed on
both minimal and LB medium; (v) the dnaE74 cydA85 fila-
ments formed on LB medium contain numerous normal-ap-
pearing nucleoids; (vi) dnaE74 cydA85 cultures recover when
transferred to permissive temperature; (vii) overexpression of
the alternative cytochrome bo3 will substitute for wild-type
cytochrome bd oxidase in making cells sensitive to nonpermis-
sive conditions.

These observations lead us to the following conclusions. (i)
Cell death is due to the production of some specific signal
rather than to unbalanced growth. If unbalanced growth is
defined as the ratio of the rates of RNA plus protein synthesis
to those of DNA synthesis, then one might expect it to be more
pronounced in LB than in minimal medium, because the rate
of synthesis of macromolecules is lower in minimal medium
(32). In fact, and as expected, cell death of nonsuppressed
strains is observed more rapidly in LB medium. However, the
protective effect of the cydA85 mutation is observed only on
LB medium. On minimal medium, where one would expect the
ratio of protein/DNA synthesis to be more nearly balanced,
cell death occurs rapidly. (ii) The finding that overexpression
of cytochrome bo3 has the same effect as normal expression of
cytochrome bd oxidase in permitting cell death under nonper-
missive conditions in LB medium, and that death occurs in the
absence of cytochrome bd oxidase on minimal medium implies
that cytochrome b03 provides an adequate energy supply in
minimal medium but not in LB medium at higher temperature.
(iii) Filamentation of dnaE74 cydA85 does occur in both min-
imal medium and LB medium at nonpermissive temperature,
but cell death is only observed in minimal medium. This ob-
servation implies that the cell death response requires both an
inhibition of DNA synthesis and an adequate energy supply
but that the inhibition of DNA synthesis itself is sufficient to
cause derangement of the septation process, as has been fre-
quently observed (18). The formation of minicells by the
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dnaE74 cydA85 mutant strain at nonpermissive temperature
(Fig. 4) is an example of this derangement. (iv) The reversibil-
ity of filamentation (Fig. 6 and 8B) makes it possible that
inhibition of septation is not a necessary intermediate in the
cell death pathway, although it may result from the same sig-
nal. The fact that filamentation can occur even with normal
DNA synthesis (as in penicillin inhibition [4]) supports this
interpretation. (v) The finding that the cyd485 mutation can
protect Athy strains from death supports the conclusion that
cell death is not due to DNA damage but rather to some signal
set off by the inhibition of DNA synthesis. This conclusion is
based on our previous findings (29) that pBR322 is able to
replicate in dnaE74 cells at nonpermissive temperature, that
the DNA content in dnaE74 cells increases six- to eightfold on
incubation at nonpermissive temperature (Fig. 7), and that we
saw no obvious signs of DNA degradation in pulsed-field gels.
However, because the DNA in dnaE74 cells did not resolve
into sharp peaks on return to permissive conditions, incom-
plete chromosomes are likely to be present which could be
involved in the initiation of the death signal. It would appear
that although dnaE74 cells at nonpermissive temperature are
able to create new DNA initiation sites (albeit slowly), they are
unable to complete synthesis and segregate chromosomes. The
dnaE74 cydA85 mutant appears to undergo the same sort of
initiations (compare Fig. 7B and 8A), but resolution into com-
plete molecules is possible on return to permissive conditions.
Why reducing the available energy supply via introduction of
the cydAS85 mutation should overcome this block to completion
of DNA synthesis is not clear. We speculate that the death
signal in dnaE74 and Athy strains results in degradative pro-
cesses which destroy the enzymes needed for completion of
DNA synthesis. This signal is either not produced or is not
produced in sufficient amounts to be effective in cydA85
strains.

It is well known that the pattern of gene expression in E. coli
is very different in minimal medium and in rich (LB) medium
(32). An analysis of genes in the nodes surrounding cydA on
rich and minimal media has been provided by A. Khodursky
(http://gia.umn.edu/index.cgi? DynamicGeneBatchProcessing)
(Table 4). The coexpressed genes are completely different in
the two conditions. Perhaps the most interesting result of the
array studies is the correlation of cydB expression with cydA4 on
rich (LB) but not on minimal medium. The functional cyto-
chrome bd is made of two subunits, one encoded by cyd4 and
the other by cydB (14). We interpret this correlation as an
indication that growth on rich but not on minimal medium
involves functions in which cytochrome bd plays a role. This is
in accord with our suggestion that the cytochrome bd oxidase
is not essential on minimal medium. It is also interesting that
sodB, coding for one of the superoxide dismutases, is one of
the genes often coregulated with cydA485 on rich medium. One
of the recurring hypotheses for the deleterious effects of cydA4
mutations is that the loss of cytochrome activity leads to an
increase in oxygen stress due to an accumulation of the oxygen
radicals of the type removed by superoxide dismutase (9, 34).
cydA mutants have been observed to have high mutation fre-
quencies. Although it is not clear that oxidative damage is a
factor in the role of the cydA85 mutation in promoting survival
of dnaE74 or Athy mutants in complex medium, it is likely that
the high mutation frequency is involved in understanding the
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behavior of cultures of dnaE74 cydA85 incubated for long
periods on complex selective medium.

We suppose that inhibition of DNA synthesis by polymerase
inactivation or as a result of deprivation of thymidine triggers
some signal for cell death. These same conditions trigger an
inhibition of septation, perhaps utilizing the same signal. Mu-
tation in the cytochrome bd oxidase does not alter the situation
in minimal medium, implying that this enzyme activity is either
not required or is not active in this medium. In complex me-
dium, the signal for cell death is not activated in the absence of
cytochrome bd oxidase activity. Our finding of filaments and
small cells not containing nucleoids in the cyd485 mutants at
40°C indicates that septation is not normal and is reminiscent
of similar findings made years ago with cells in which DNA
synthesis had been inhibited (7, 13). We suppose that the
recovery of the culture on shift to permissive temperature is
due to viable septation in the filaments rather than to selection
and proliferation of the small (mostly anucleate) cells. It has
been known for many years that filamentation can occur with-
out setting off a cell death response (3, 5, 18, 24). Our obser-
vation of small anucleate cells accompanying filamentation in
dnaE74 cydA85 mutant cells (Fig. 4 and 5) but absent from
dnaE74 cydA™ cells (Fig. 3 and 5) illustrates the distinction.
Our experiments imply that filamentation and cell death may
actually be the result of the activation of different pathways.

The filamentation that accompanies DNA damage in E. coli
is generally considered to be related to the activation of the
SOS system after destruction of the lex4 repressor by RecA
protein. This protein is itself activated by combination with
single-stranded DNA accumulating as a result of the blockage
of the DNA replication fork in the face of DNA damage (33).
Activation of the SOS system results in production of the SulA
protein, which inhibits septation via interaction with the FtsZ
ring. At some point cells are no longer viable. We suggest that
the filamentation and cell death we have described results from
a different but related set of reactions. First, and as we have
reported previously (29), deletion of recA or sul4 has no effect
on the survival of dnaE74 cells incubated at nonpermissive
temperature. We have been unable to demonstrate any change
in the UV sensitivity of dnaE74 cydAS5 cells compared to that
of dnaE74 cells or of cydA85 cells compared to that of wild-
type cells. We therefore suppose that the slowing down of
replication fork progression as a result of either polymerase
inhibition, thymine starvation, or hydroxyurea inhibition (29)
does not lead to activation of the same gene products as does
DNA damage, notwithstanding the likelihood that single-
stranded DNA accumulates in both cases. In fact, the suppo-
sition that it is indeed single-stranded DNA which is the signal
requires some special explanation because of the constant ap-
pearance of single-stranded regions in normal DNA replica-
tion. Sassanfar and Roberts (26) suppose the reason is kinetic,
in that the RecA protein does not have time to combine or
displace single-stranded binding protein before single-stranded
DNA is covered up by replication. The situation may not be
unlike that seen in eukaryotic cells in which DNA synthesis
may be blocked by radiation-induced damage or by inhibitors
such as hydroxyurea. In the first case the damage is mediated
by the ATM kinase, and in the second case it is managed by
ATR (20). The pathways are similar but not identical. Insofar
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as this analogy has merit, the exact components in each path-
way remain to be identified.
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