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Mutants of the cI gene of prophage A have been defined phenotypically in a recA™* host as noninducible (Ind),
inducible (Ind*), or induction sensitive (Ind®). We showed that a phage A cI* carrying operator mutations v2
and v3 displays an Ind® phenotype, as does A cI ind®-1. We characterized a fourth induction phenotype called
induction resistant (Ind"). Using these four prophage types, we tested the influence of bacterial recA mutations
on prophage induction. Ind" prophages were fully induced in recA441 bacteria whose RecA441 protein is
activated constitutively. Ind" prophages were not induced in a mutant overproducing RecA™ protein,
confirming that RecA* protein must be activated to promote prophage induction. Ind® prophages were induced
in recA142 and recA453-441 lysogens, previously described as deficient in prophage induction.

Induction of prophage A\ results from cleavage of the cI
repressor (for a review, see reference 31). Cleavage has been
observed with two other phage repressors, P22 and 434, and
with LexA protein, the cellular repressor of SOS genes. In
each case the cut occurs between alanine and glycine, in
comparable positions in the four polypeptides. The cleavage
site in \ ¢l repressor is located in a hinge region between two
domains—the amino terminal binding to the operator and the
carboxy terminal binding to repressor monomers (27, 34).

It has recently been shown by Little (20) that LexA and A
cI proteins autodigest in vitro. Yet, in vivo RecA protein is
required in the cleavage reaction. To reexamine the relation-
ship between phage repressor and RecA protein, we deter-
mined how prophage A cI and bacterial recA mutations affect
the efficiency of lysogenic induction.

Two A ¢l mutations alter repressor inactivation: (i) ind®-1
affects \ repressor in such a way that it is cleaved 5- to
10-fold faster than wild-type \ cI* repressor (7); (ii) cI ind1,
located near the site of cleavage (19), prevents A\ repressor
inactivation (33). We found a novel phenotype, called induc-
tion resistant (Ind") among a set of ¢I mutants isolated by
Eshima et al. (10). Prophage A can display the following four
induction phenotypes, in order of decreasing inducibility:
Ind® > Ind* > Ind® > Ind".

Using the four prophage induction phenotypes, we char-
acterized the efficiency of induction of various recA mutants
so as to estimate the cleavage facilitation by a mutated RecA
protein. Four types of recA mutants can be recognized that
can be classed in the following order of RecA-promoting
prophage induction: RecA (Ind™) < RecA (Ind*) < RecA
(Ind*) < RecA (Ind**).

The RecA (Ind*) phenotype is illustrated by two mutants,
recAl42 and recA453441, in which Ind® prophages can be
fully induced. The first mutant may have a defect in activa-
tion because of a defective interaction of RecA142 protein
with DNA and ATP (32), and the second mutant is probably
a down-promoter mutant (22) since the basal level of RecA
protein is reduced (30).

Figure 1 summarizes the currently accepted mechanisms
that determine the efficiency of prophage induction.
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MATERIALS AND METHODS

Bacterial strains, phages, cultures, and media. The bacte-
rial strains used are listed in Table 1. Many of them were
made lysogenic for prophages described below.

Prophage repressor mutants derived from \ wild-type
prophage were \ cl ind®-1 (17); \ clI ind553, \ ¢l ind502, and
\ ¢l ind543 (10); and \ cI857 ind~. Prophage AGY15 (29)
encodes a wild-type cI* repressor and v2 and v3 operator
constitutive mutations.

Stocks of noninducible prophages \ cI ind502, \ ¢l ind543,
and \ cl ind553 were produced by zygotic induction.

Lysogens were isolated as single colonies purified from
spots of confluent lysis and tested for immunity by replica-
plating on EMBO plates overlaid with 10° homoimmune cI~
phages (14). Single lysogens were identified by their sensi-
tivity to weak virulent phage A ¢I90 ¢Y17 (2). Monolysogens
were also differentiated from dilysogens carrying two pro-
phages in tandem by the low efficiency of prophage excision
after superinfection with phage A imm434 cI~ int102 (14, 18).

Bacteria were grown in LBT medium (9) or in synthetic
medium YMOIC (8). Colonies were scored on LAT medium
(9). GT or GT-ampicillin plates, supplemented with 15 pg of
ampicillin per ml, were used for plating infective centers
(23). TMG dilution buffer contained 10 mM MgSQO,, 10 mM
Tris-hydrochloride (pH 7), and 0.1% (wt/vol) gelatin. All
cultures and plates were incubated at 37°C unless otherwise
stated.

Measurement of prophage induction. The induced infective
centers were scored on GT-ampicillin plates to reduce the
background of spontaneous phage production. To score
infective centers from poorly inducible lysogens, we re-
duced the amount of GY4925 indicator bacteria. The effi-
ciency of prophage induction is estimated by the proportion
of infective centers formed by the lysogens. Free phage were
measured after killing of the lysogens by chloroform. Clear
plaque mutants were scored on GT plates.

UV irradiation. Samples (2 ml) of bacterial suspensions in
TMG were irradiated in S-cm petri dishes with a 15-W
General Electric lamp (254 nm). UV doses were measured
with a Latarjet dosimeter.

Tif induction. recA441 (Tif) bacteria, grown at 32°C in
YMIC, were shifted to 42°C by a fourfold dilution in
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FIG. 1. Regulation of lysogenic induction. The current scenario
for prophage \ derepression is represented as follows. In a lysogen,
in which X\ repressor concentration is constant (4, 15), the prophage
remains dormant because repressor dimers are bound to operators
(reaction 1). There is an equilibrium between monomers and dimers
(reaction 3). RecA protein forms multimers (reaction 2) (30). After
treatment of the lysogens by inducing agents, RecA protein is
activated (24) in a ternary complex (reaction 4) that interacts with
repressor monomers (reactions S and 6) (28). Cleavage of repressor
monomers starts (reaction 7). Since the concentration of repressor
monomers is decreasing, repressor dimers tend to dissociate into
monomers that are subject to cleavage. When the concentration of
dimers is 10-fold lower than normal, repression is no longer main-
tained, and phage growth ensues (4). Here are listed cI and recA
alleles that may alter the following reactions. Odd or even numbers
are used, respectively, to designate phage or RecA reactions.
Reactions: 1, prophage AGY1S5 (this paper); 3, A cl ind*1 (7), \ cl
ind502, and N cI ind543 (this paper); S, phage 21 and LexA
repressors, which interact with RecA protein differently from A
repressor (9); 2, recAo98 (29) and recA453 (30); 4, recA441 (35) and
recAl42 (32); 6, recA430 (9); 7, \ cl ind553 (this paper) and \ cl ind1
(33).

prewarmed YMOC supplemented with 100 pg of adenine per
ml and incubated further (5).

RESULTS

New induction phenotype displayed by phage A cI ind543.
Phages N cI ind543 and N cI ind553 were isolated and
characterized as noninducible by Eshima et al. (10). We
found that prophage \ cl ind543 was induced in about 10%
of recA* lysogens at a UV dose of 40 J/m? (Fig. 2); the
resulting burst sizé was more than 100 phage per cell after
incubation for 150 min (Fig. 3). In contrast, prophage A cI
indS53 behaved like the classical noninducible prophage A ¢l
ind1, giving rise to 107 infective centers per lysogen.

Upon Tif induction, GY5261 recA441 (A cl ind543) lyso-
gens lysed between 90 and 165 min, whereas GY 5260 recA441
(M) lysogens lysed between 60 and 120 min (Fig. 4). The
delayed lysis of GY5261 may result from a slow rate of
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cleavage of \ cl ind543 repressor. Lysogens for \ ¢l ind553
grew normally and released about 10? free phage per ml,
confirming that phage \ clI ind553 was noninducible (Fig. 4).

Under conditions that inhibit Tif induction (12)—bacterial
growth in rich medium at 32°C—the efficiency of induction
of GY5261 recA441 (A cl ind543) lysogens by UV light was
10%, as was also observed in GY5257 recA* (A cl ind543)
(Fig. 2; data not shown).

Next, we asked whether prophage \ cI ind543 would be
more efficiently induced in DM1187 lexAS51 (Def) recA441, in
which RecA441 protein is amplified by the inactivation of the
LexA repressor by mutation lexA51 (Def) (21). DM1187 can
be lysogenized by phage N ¢l indl, whose repressor is
resistant to cleavage, but not by phage A (26). DM1187
bacteria were lysogenized with phage A ¢l ind543 at 32°C,
giving rise to GY5262 lexA51 (Def) recA441 (A cl ind543),
which released phage spontaneously at a high level, about
20% of the cell titer (Fig. 4). Upon Tif induction, GY5262
lysogens lyzed massively, 90 min earlier than did GY5261
lexA* recA441 lysogens (Fig. 4), indicating that a high basal
level of RecAd441 protein shortened the latent period of
prophage \ clI ind543 induction.

Note that an 11-fold increase in the basal cellular level of
RecA protein by a recA098 operator mutation (13, 29) was
nevertheless insufficient to efficiently induce GY5249
recAo98 (\ cl ind543) by UV light (10% induction at most;
data not shown). This fact confirms previous findings that
RecA* protein must be activated to promote prophage
induction.

The phenotype of prophage \ ¢l ind543 was called induc-
tion resistant (Ind"). Prophage A cl ind502 (10) also exhibited
an Ind" phenotype (data not shown). The two mutations
ind543 and ind502 have been located by genetic recombina-
tion in the A region of cI (10), which encodes the carboxy-
terminal domain of the repressor (19). The observed Ind"
phenotype of prophages A\ ¢l ind543 and A cI ind502 might
result from an increased tendency of their repressor mono-
mers to form dimers.

The N clI ind543 repressor molecules from cell crude
extracts bound operator DNA 1.7-fold and 2.8-fold tighter
than \ cI* and X ¢l ind®-1 repressor molecules (Table 2). The
increased binding to operator DNA reducing the availability
of cleavable repressor monomers may explain the apparent
resistance to cleavage of the cl ind543 repressor.

Phage A cI* v2 v3 displays an Ind® phenotype. Prophage
AGY1S, which carries mutations v2 in or; and v3 in og;
produces virulent mutants by mutation in the ogr, operator
(3, 16). Since \ cI repressor binds poorly to the mutated
operators, oy, and og; (11), we surmised that A\GY15 would
display an induction-sensitive phenotype.

Indeed, GY5269 recA* (A cI* v2 v3) bacteria were induced
at a low UV dose (Fig. 2) as efficiently as were A\ ind®-1
lysogens and burst out after a 30-min lag, a period 20 min
shorter than in UV-induced \ lysogens (Fig. 3).

Prophage induction in recAI42 and recA453-441 lysogens.
The recAl42 and recA453-441 mutants were described as
being deficient in lysogenic induction, (5, 6).

We found that in recAl42 lysogens the efficiency of
induction of \ ind®-1 and X cI* v2 v3 were, respectively, 100
and 20% at a dose of 2 J/m? of UV light (Fig. 5). Phage A
ind®-1 burst out after a 60-min lag period with a yield of about
100 phage per cell (Fig. 3).

We then reexamined the induction pattern of GYS5278
recAl42 (\) lysogens, which were induced by UV irradiation
with an efficiency 10-fold lower than that observed in a
recA* lysogen (Fig. 5); spontaneous phage production was
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TABLE 1. Bacterial strains

Relevant genotype

Strain

recA lexA Other Prophage® Origin or Source
AB1157 + + Howard-Flanders: GY752
DM455 99 + Mount (25); GY4677
DM1187 441 51 Mount (26); GY4627
DM2211 098 + Ginsburg et al. (13); GY4762
GC3217 441 + sfiAll George et al. (12); GY2813
JC4728 142 + Clark (6) via Roberts; GY4763
JM776 430 + Castellazzi et al.; GY2831
JM1253 453441 + Castellazzi et al. (5); GY2798
GY4454 + + A AB1157
GY4909 430 + A (Q2) IM776
GY4925 + + ampA Devoret et al. (9)
GYS5249 098 + Acl ind543 (1) DM2211
GY5250 142 + Aclind 543 (1) JC4728
GYS5254 430 + Acl ind*-1 (2) IM776
GYS5255 + + Al ind®-1 (1) AB1157
GYS5257 + + Acl ind543 (1) AB1157
GY5258 430 + Acl ind543 (2) IM776
GYS5259 441 + sfiAll Acl ind553 (2) GC3217
GYS5260 441 + sfiAll A GC3217
GYS5261 441 + sfiAll Xcl ind543 GC3217
GYS5262 441 51 sfiAll Acl ind543 DM1187
GYS5263 441 51 sfiAll Acl ind553 DM1187
GYS5264 o+ + Acl ind553 (1) AB1157
GY5265 453441 + N JM1253
GY5267 453-441 + Acl ind*-1 JM1253
GYS5269 + + AGY15 (1) AB1157
GYS5270 142 + AGY15 (1) JC4728
GY5273 453-441 + AGY15 JM1253
GYS5274 430 + Acl ind553 (2) IM776
GY5278 142 + A JC4728
GYS279 142 + Acl ind®-1 JC4728
GY6128 128 + Bailone et al. (1)

2 The number of prophage copies carried by a lysogen is indicated within parentheses. Strains were lysogenized with X ¢l ind543 or \ cI ind502 phages, but only

X cl ind543 'ysogens are listed.

also reduced 10-fold. At most 20 phage per cell were
released after a long lag period of 90 min and for more than
2 h (Fig. 3), suggesting that phage growth was delayed in
UV-damaged recA142 bacteria. Alteration of phage devel-
opment in recAl42 lysogens was confirmed by the low burst
size of prophage N ¢I857 after thermal induction. After
incubation for 1 h of the UV-irradiated lysogens, the burst
size of prophage \ cI857 decreased steadily as a function of
time (data not shown). Our results indicate that RecAl42
protein can be activated in vivo to support repressor cleav-
age, confirming the data obtained by Roberts and Roberts
(32) in vitro.

recA453-441 (\ cI*) lysogens were poorly induced by UV
light after an extended lag period (Fig. 3 and S5). The two
lysogens, recA453-441 (A cI* v2 v3) and recA453-441 (A
ind®-1), were fully induced by UV irradiation (Fig. 3 and 5),
but not by Tif induction (data not shown). In contrast, the
two Ind*® prophages were not induced at all in other recA
mutants such as recAI28 (1) and recA99 (25) (data not
shown).

DISCUSSION

To estimate repressor cleavage facilitated by a mutated
RecA protein, we characterized the induction of prophage A
by determining quantitatively (i) the efficiency of induction,
that is, the percentage of induced cells giving rise to infective
centers; (ii) the lag period before phage burst; and (iii) the
yield per cell of free phage. The efficiency of prophage

induction is often estimated by the sole number of free phage
released by induced lysogens. This measurement is rarely
meaningful. The frequency of induced cells that rises from a
1% spontdaneous background to an induced levél close to
100% is mutiplied by 100, the usual burst of phage per cell.
If the capacity of the lysogen is normal the ratio of induced
phage over the background must be around 10,000.

In this paper, we characterized a new phage induction
phenotype, called induction resistant (Ind"), displayed by
two mutants of phage A\, cl ind543 and cl ind502. The Ind"
phenotype was differentiated from the classical noninducible
N cl indl by (i) a 10% induction efficiency in wild-type
lysogens, (ii) a delayed burst of phage, and (iii) full induction
in lexA51 recA441 lysogen in which the cleavage-promoted
activity of RecA441 protein is constitutive (26). Mapping
data by recombination establish that mutations cI ind543 and
cl ind502 alter the A region (10) that codes for the corre-
sponding carboxy-terminal domain of the A repressor (19).
The carboxy-terminal domain controls aggregation of mon-
omers to form dimers and the cooperative interaction of
dimers in their binding to operators {27).

The observed Ind® phenotype may result from an in-
creased tenidency of X cI ind543 repressor monomers to form
dimers. This may entail an enhanced binding of repressor to
operators and an increased cellular concentration of the
mutant repressor by stimulating transcription from prm (34).
An Ind" phage seems to be the opposite of the Ind® A ¢l ind®-1
(7). Our assumption is supported by the threefold increase in
the operator-binding activity of \ clI ind543 repressor.
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FIG. 2. Four phenotypic prophage induction patterns in a recA™*
lysogen. Bacteria grown in LBT up to about 10* cells per ml were
harvested by centrifugation and suspended in TMG buffer. Serial
dilutions were exposed to UV light at the doses indicated on the
abscissa. The fraction of infective centers to the number of treated
cells is plotted on the ordinate. Symbols: GY4454 (@), GY5255 (A),
GY5257 (), GYS5264 (X), and GY5269 (V).

The phage called AGY1S displays an Ind® phenotype, as
does \ cI ind®-1; (i) it was induced at a low UV dose in a
wild-type lysogen, (ii) its latent period of development was
shorter than wild type X, and (iii) it was induced in bacteria
such as recA453-441 and recAl42, in which wild-type \ is
poorly induced. To account for the Ind* phenotype of
AGY15, we postulate that derepression of this prophage can
be achieved by the inactivation of a small fraction of
repressor molecules, since it carries mutated operators to
which the repressor binds poorly (11).
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FIG. 3. Phage yields after UV irradiation of recA™, recAl42, and
recA453-441 lysogens. Bacteria grown in LBT medium up to about
10® cells per ml were harvested by centrifugation and suspended in
TMG buffer. recA™* lysogens were exposed to 20 J/m?, and recA 42
and recA453-441 lysogens were exposed to 5 J/m>. Irradiated cells
were diluted 1:100 into prewarmed LBT and incubated at 37°C for
the time periods indicated on the abscissa. The number of plaques
scored on GT-ampicillin plates is plotted on the ordinate. Lysogens:
for recA*, GY4454 (O), GYS255 (L), GY5257 (<€), and GY 5269 (V);
for recAl142, GY5278 (O) and GY5279 (A); for recA153-441, GY 5265
(O) and GY5267 (A).
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FIG. 4. Cell lysis and free phage production after thermal shift of
recA441 lysogens. Lysogens grown at 32°C in YM9C medium were
shifted to 42°C at time 0 by a fourfold dilution into prewarmed
YMOC medium supplemented with 100 pg of adenine per ml and
incubated further. Prophage induction was monitored by the de-
crease in optical density at 650 nm (ODgso) plotted on the ordinate.
Free phage titers indicated in the insert were determined at time 0
and for GY 5262 (@) at 90 min, for GY5260 (O) at 120 min, and for
GYS5259 (V), GY5261 (), and GY5263 (V) at 165 min.

The four distinct prophage induction phenotypes can be
classed in the order of decreasing inducibility as follows:
Ind® > Ind* > Ind" > Ind~.

Using the four types of prophages, we characterized the
efficiency of induction of various recA mutants so as to
estimate the cleavage facilitation by a mutated RecA pro-
tein. The following four types of recA mutants can be
recognized that can be classed in the order of RecA-promot-
ing prophage induction: RecA (Ind~) < RecA (Ind®) < RecA
(Ind*) < RecA (Ind*).

The RecA (Ind*) phenotype is displayed either by a recA*
or a recAo98 mutant in which Ind" prophages are poorly
induced. The RecA (Ind™) phenotype is illustrated by the
recAl42 and recA453-44] mutants, in which Ind® prophages
are fully induced. The first mutant may have a defect in
activation of RecA protein because of a defective interaction
of RecAl42 protein with DNA and ATP (32); the second
mutant is probably a down-promoter mutant (22), since the
basal level of RecA protein is reduced fivefold and is not
amplifiable (30). An explanation for the lack of prophage A
induction in recA453-441 bacteria is that there is not enough
activated RecA441 protein in the cell to support repressor
cleavage. The RecA (Ind™) phenotype is displayed by such
classical recA™ mutants as recA128 and recA99.

The recA441 mutant displays a RecA (Ind**) or a RecA
(Ind*) phenotype according to whether activation of RecA441

TABLE 2. Operator binding activity of mutant repressors in
crude cell extracts?

Lysogens Units of repressor
GY4909(\) 1.3
GYS5258(\ cl ind543) 2.2
GY5254(\ cl ind®-1) 0.8
GYS5274(\ ¢l ind553) 1.2

“ Crude cell extracts and DNA binding assays were performed as described
by Levine et al. (18). Repressor activity is expressed in units defined as the
quantity of protein that specifically retains 10 ng of A\ DNA on a nitrocellulose
filter. Strains were dilysogenic derivatives of JM776.
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protein is promoted by Tif activation or by UV irradiation.
Tif activation (by adenine and elevated temperature) in-
volves interaction with a normal replication fork (36). An
Ind" prophage was efficiently induced in a recA441 host by
Tif activation and not by UV irradiation. In contrast, an Ind®
prophage was induced in recA453 recA441 mutants by UV
irradiation and not by Tif activation. Tif activation seems
particularly sensitive to the basal level of the RecA441
protein.

We have characterized the efficiency of prophage induc-
tion of a few A mutants in various recA mutants. If in vitro,
repressor cleavage seems to be a reaction of autodigestion,
in vivo, prophage induction depends on four main factors: (i)
the basal and induced cellular levels of RecA protein, (ii) the
activability of RecA protein, (iii) the binding of RecA protein
to phage repressors, and (iv) the induction sensitivity of
phage repressors.
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