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Introduction

Deoxyribonucleases are essential for the DNA me-
tabolism especially for those related to genetic recom-
bination and repair (Clark, 1973; Kuzminov, 2001;
Walker, 1985). Bacteriophages being obligate para-
sites, are dependent on the bacterial metabolic ma-
chineries for their own growth. Despite the synthesis
of the above enzymes by bacterial hosts, most double-
stranded DNA phages encode their own deoxyribo-
nucleases for carrying out phage-specific recombina-
tion (Krüger and Schroeder, 1981; Kuzminov, 2001;
Miller et al., 2003; Sharples et al., 1999).

Mycobacteriophage L1 is a temperate phage that
infects to and grows in Mycobacterium smegmatis
(Doke, 1960). It has a 52.1 kb long double-stranded
DNA (Mandal et al., 2004) and harbors at least 28 in-
dispensable genes for carrying out its vegetative growth
and one repressor gene for maintaining its lysogenic
development (Chaudhuri et al., 1993). Among the 28

indispensable L1 genes identified so far, the G27 gene
has been shown to positively control the transcription
of the delayed early genes (Datta and Mandal, 1998).
This phage codes for a deoxyribonuclease, the expres-
sion of which is also regulated by G27 at the transcrip-
tional level (Datta and Mandal, 1998). The tempera-
ture-sensitive mutations in the two delayed early genes,
G23 and G25 show defect in host cell lysis but not in
phage DNA synthesis (Chaudhuri et al., 1993). These
two genes are involved in the positive regulation of the
transcription of late genes of L1 (Datta et al., 2007).
The exact mechanism of action of none of the above
3 genes is known with certainty today. Apart from the
G23, G25 and G27 genes, no other early or delayed
early genes regulating the vegetative growth of myco-
bacteriophage has been identified so far, though geno-
me sequences of several other mycobacteriophages are
available at present in public databases (Hatfull, 2000).

From a preliminary screening experiment, it was
observed that the L1G23ts23 mutant was defective
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also in the expression of L1-coded deoxyribonuclease
(DNase) at 42°C but not at 32°C. Here we have in-
vestigated the role of the G23 gene in the regulation of
expression of DNase and reported that the synthesis
of DNase is not regulated by G23 at transcriptional
level, and de novo protein synthesis is required for
the expression of functional DNase. Additional genetic
study suggests that G23-mediated positive regulation
of late gene transcription possibly occurs through the
active involvement of a second L1-encoded protein.

Experimental

Materials and Methods

Media and solutions. The compositions of Middle-
brook 7H9 broth, enriched 7H9 broth, 7H9 hard and
soft agars, phage dilution medium are described by
Chaudhuri et al. (1993), and TE and SM buffers in
Sambrook et al. (1989).

Bacteria and bacteriophage strains and their
growth conditions. Escherichia coli 594 was used
from the laboratory stock (Chattopadhyay and Mandal,
1982). Mycobacterium smegmatis mc26 was ob-
tained from Dr. B. Bloom, Albert Einstein College
of Medicine, N. Y., USA. The mycobacteriophage
strains L1cIts391, L1cI�, L1cI�G3ts543, L1cI�G6ts6,
L1cI�G8ts214, L1cI�G9ts198, L1cI�G23ts23, L1cI�

G22ts839, L1cI�G24ts764, L1cI�G25ts889 were used
from our laboratory stocks (Chaudhuri et al., 1993).
The phage L1cIts391G23ts23 was prepared by
a cross of L1cI�G23ts23 with L1cIts391. The phages
L1cIts391sup4 (to be called R4sup4 or R4 in the text)
and L1cIts391sup22 (to be called R22sup22 or R22
in the text) were isolated during this work.

A portion of the genetic map showing the loca-
tions of early, delayed early and late genes is shown
in Fig. 1A.

The mycobacterial cultures were grown on rotary
shaker at desired temperatures in enriched 7H9 broth,
and growth was monitored by measuring OD590. The
L1 phage lysate was prepared by confluent lysis on
plate, and the pfu concentration was determined by
plaque assay using  M. smegmatis mc26 as the plating
bacteria.

Preparation of [3H]-labeled DNA. E. coli 594 was
grown in TB to around 0.2 OD590 at 37°C on a shaker.
Then [3H] thymidine (2 µCi/ml, 1000 Ci/mmol) and
2-deoxyadenosine (250 µg/ml) were added, and the
culture was grown further for 3 h. The cells were then
harvested, and the DNA was isolated by the method
of Marmur (1961). This [3H]-labeled DNA was soni-
cated to reduce the size and extracted with phenol.
The DNA was alcohol precipitated and dissolved in
TE buffer.

Synthesis of L1-coded deoxyribonuclease.
M. smegmatis mc26 culture was grown to around
0.5 OD590 at 37°C in enriched 7H9 broth containing
2 mM CaCl2 (no Tween 80) and mixed with the de-
sired phage at 5�10 moi. The phage-infected culture
was grown at 32 or 42°C with shaking. At different
times, 5 ml aliquots of the culture were chilled.

In shift up and shift down experiments, the phage-
infected cultures were grown at 32 or 42°C respec-
tively, and at different times, two 5 ml aliquots were
taken out. One aliquot was chilled and the other was
incubated at 42 (for shift up) or 32°C (for shift down)
respectively and allowed to grow for a total of 90 min
followed by chilling on ice. In shift-down experiment
with added antibiotic, required antibiotics were added
to the shift down culture at the time of shift. The cells
were harvested from all the chilled samples and used
to assay deoxyribonuclease exactly by the method of
Radding (1964).

Isolation of revertants of G23ts23 mutation. The
lysate of L1cIts391G23ts23 was prepared starting from
its plaque-purified stock. About 108 pfu (assayed at
32°C) of this phage was plated on M. smegmatis mc26
host and incubated at 42°C for about 20 h. From the
plaques that appeared, 25 healthy ones were selected,
and the phages were purified by single plaque proce-
dure at 42°C. Among the 25 revertants isolated, R4
and R22 were further characterized.

Phage cross. The M. smegmatis mc26 culture was
grown to around 0.4 OD590 at 32°C and infected with
two parent phages in question at an moi of 5 each and
grown at 32°C for about 4 h when the cells were
lysed. The lysate was chilled on ice and chloroformed.
The desired recombinants were selected or the recom-
bination frequency was determined by plating this
lysate at 42°C.

Radioactivity measurement. Radioactive counts
were determined in a Beckman Liquid Scintillation
Counter Model LS 5000CE using aqueous or non-
aqueous cocktail as required.

Results

The L1G23ts23 mutant is defective in the syn-
thesis of phage-coded deoxyribonuclease at 42°C.
The results presented in Fig. 1B show that after infec-
tion of M. smegmatis culture with wild-type L1, the
expression of a deoxyribonuclease activity started
around 10 min at both 32 and 42°C (curves 2 and 3),
which increased steadily with time. In contrast, there
was no increase of the enzyme level in uninfected
cells even up to 80 min. This suggests that the in-
crease to nearly 10-fold excess level of this enzyme
activity in wild-type L1-infected cells (over that in
uninfected cells) is due to phage-dependent synthesis.
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This enzyme was synthesized also in L1cI�G23ts23
mutant-infected cells grown at 32°C (curve 4) but not
in those grown at 42°C (curve 5).

The low level of L1-specific DNase activity in the
L1G23ts23-infected bacteria grown at 42°C may be
explained by one of the two possibilities: the G23 gene
of L1 may itself code for the above DNase or it may
code for a protein (other than DNase) that is directly
involved in the regulation of expression of the DNase.
To know as to which one of these two possibilities is
correct, thermal inactivation of DNase synthesized by
L1+ and L1G23ts23 at 32°C was studied by preincu-
bating these phage-infected cell extracts for 20 min at

temperatures ranging from 37�60°C and assaying the
enzyme at 37°C. It was observed that in both the cases,
the enzyme was stable up to 45°C, while it was inac-
tivated rapidly between 45 and 50°C with almost
identical rates. Further, the half-life of the enzyme at
48°C in the two extracts was the same (12 min; data
not shown). So, the DNase encoded by L1+ and
L1G23ts23 phages could not be differentiated in re-
spect of their heat stability. If the G23 gene codes for
the above DNase, then the enzyme synthesized from
the G23ts23 mutant gene would have been tempera-
ture-sensitive and would have shown a faster thermal
inactivation pattern compared to that of the enzyme

Fig. 1. Characterization of L1 G23.
(A) Part of the genetic map of L1. The map is shown from 15 kb to 52.1 kb. The whole length genome is equivalent to 52.1 kb. The regions of early

(E), delayed early (D.E.) and late (L) genes are indicated above the map. In the expanded region are shown the approximate locations of the
delayed early genes G18 to G26. G27 is an early gene. The cI gene encoding repressor maps at left around 5 kb co-ordinate (not shown in the map).

(B) Effect of G23ts23 mutation on the expression of L1-coded deoxyribonuclease. Units of Deoxyribonuclease activity was defined as the amount
of enzyme which could release 1 nmol of acid-soluble nucleotide in 30 min under the condition of assay. Curves: 1, uninfected M. smegmatis mc26
at 32°C; 2, wild-type L1-infected cells at 32°C; 3, wild-type L1-infected cells at 42°C; 4, L1G23ts23-infected cells at 32°C; 5, L1G23ts23-infected
cells at 42°C. For other details, see Methods

(C) Effect of temperature shift up on the expression of L1-coded deoxyribonuclease by L1G23ts23 mutant. For the definition of the unit of the
enzyme activity, see Fig. 1A. Striped bar: 32°C (at the time of shift). Pointed bar, shift up to 42°C. For other details, see Methods.

(D) Segregation of G23ts23 mutation from sup4 revertant. The cross was done between L1cI� and L1cIts391sup4 at 32°C. The phages in the lysate
was assayed at 32°C, and the recombinants producing turbid plaques at 32°C but unable to grow at 42°C were selected and tested for the
presence of G23ts23 mutation by complementation with different L1Gts mutants including L1G23ts23. The experiments reported in (B) and (C)
were repeated 2�3 times, each showing reproducible results. The results of one set of experiments are presented in each case.
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produced by the wild-type L1 (G23+) phage. This
suggests that the deoxyribonuclease is not the pro
duct of the G23 gene of the phage. The above results
do suggest that the G23 gene of L1 plays a positive
regulatory role in the expression of this phage-coded
deoxyribonuclease.

The expression of L1-coded deoxyribonuclease
is not regulated at the transcriptional level. The
synthesis of L1-coded DNase has been shown to be
regulated by the G27 gene at the transcriptional level,
and G27 acts as a master regulator of L1 controlling
the temporal circuit of transcription of delayed early
and late genes of the phage (Datta and Mandal, 1998).
Now, the question arises as to how the G23 gene is
involved in the regulation of expression of the above
phage-coded DNase. The results of temperature-shift
up experiment presented in Fig. 1C reveal that when
the L1G23ts23-infected culture was shifted from 32
to 42°C at 0, 15, 30, 45, and 60 min, there were no
significant increase in the level of the enzyme at the
end of postshift-up growth (for a total of 90 min) at
42°C over those present at the respective times of shift
up. However, when shifted up at 75 min, the level of
enzyme increased to a certain extent in the shifted
up cells over that present at the time of shift (75 min)
in 32°C-grown cells. If G23 regulates the synthesis of
phage-coded DNase at the transcriptional level, then
the synthesis of the mRNA encoding this enzyme
would have stopped immediately following shift up,
but the same mRNA already synthesized at 32°C up
to the time of shift would have been translated even
after the shift of the culture to 42°C to produce extra
protein (enzyme) over that present at the time of shift
up. But this has not happened (see Fig. 1C). So, we
conclude that G23 does not regulate the synthesis
of phage-coded DNase at the transcriptional level as
is done by G27.

The expression of L1-coded deoxyribonuclease
is dependent on de novo protein synthesis during
post-shift down growth of L1G23ts23-infected cul-
ture at 32°C. Rifampicin (Rif) inhibits RNA synthesis
by inhibing DNA-dependent RNA polymerase in
E. coli (Hartman et al., 1967) as well as in mycobac-
teria (Harshey and Ramakrishnan, 1976; Levin and
Hatfull, 1993), and chloramphenicol (Cm) inhibits
bacterial protein synthesis (Renzo and Ochoa, 1962).
The latter antibiotic inhibits also the growth of
(Hatfull, 2000) and protein synthesis in mycobacteria
(our unpublished results). In mycobacteriophage L1,
the transcriptions of early and delayed early genes are
totally inhibited by rifampicin (our unpublished re-
sults). The results of a temperature shift-down experi-
ment presented in Table I show that the L1-specific
DNase was synthesized to a high level by the above
mutant when grown at 32°C (line 1) but to a very low
level (13.7%) when grown continuously at 42°C

(line 2). Among the cultures shifted down at 30 min
(we selected 30 min for shift down because the late
transcription starts at this time) from 42 to 32°C,
the one grown in the presence of Rif could make the
enzyme at 83% (line 5) of the control level (line 1)
which was nearly similar to that made in the absence
of any antibiotic (line 4) under identical shift down
condition. In the other two shift-down cultures, one
grown in the presence of Cm and the second in the
presence of both Rif and Cm, the levels of the
enzyme were found respectively to be at 30 (line 6)
and 39% (line 7) of the control value (line 1). The
level of the enzyme activity at the time of shift down
(30 min) from 42°C to 32°C was around 10% (line 3)
of the control value (line 1).

The transcription of early genes of L1 starts im-
mediately after infection, and those of its delayed
early and late genes around 8 and 30 min respectively
(Datta and Mandal, 1998). So, when the G23ts23 mu-
tant-infected culture was grown at 42°C for 30 min,
only the early and delayed early genes of L1 (includ-
ing G23ts23 mutant gene) were transcribed and trans-
lated but the late genes were not even transcribed.
But, the mutant G23ts23 gene product, even if syn-
thesized up to 30 min of growth at 42°C is not active,
so the level of functional deoxyribonuclease was very
low (10%) at the time of shift down. Hence, the in-
crease of this enzyme activity in the shift-down cul-
tures (both in the absence and presence of Rif (lines 4
and 5) from 10% at the time of shift to around 78.85
and 83% following growth at 32°C for 40 more min
does suggest that such increase could occur even in
the absence of new RNA synthesis during postshift-
down growth. The fact that the enzyme level increased
only to 30�39% (instead of to 83%) of the control
level when protein synthesis was inhibited by Cm
(lines 6 and 7) suggests that de novo protein synthesis

1. 70 min at 32°C (control) 80.00 (100%)
2. 70 min at 42°C 10.96 (13.7%)

3. 30 min at 42°C 8.16 (10.2%)

4. 30 min at 42°C and then shifted
63.08 (78.85%) to 32°C and grown for 40 min

5. Sample 4 + Rif at the time of shift 66.44 (83.05%)
6. Sample 4 + Cm at the time of shift 24.24 (30.30%)

7. Sample 4 + Rif + Cm at the time of shift 31.92 (39.25%)

Table I
Effect of temperature shift down on the synthesis

of phage-coded deoxyribonuclease by L1G23ts23 mutant

Growth of L1G23ts23-infeccted cells
DNase activity

(Units/mg
of protein)a

a For the definition of the unit of enzyme activity, see Fig. 1B. For other
details, see Text and Methods. The whole set of this experiment was
repeated two times and the results in each case were reproducible. So
only the results of one set of experiment are presented.



117Regulation of L1 phage-coded deoxyribonuclease2

at the permissive temperature (32°C) is necessary for
the significant increase of the enzyme level (to 83%
of the control level) and such increase of the enzyme
level is dependent on the functional G23 protein.

Certain revertants of L1G23ts23 capable of
growing at 42°C retain both ts defect in L1-
coded DNase synthesis and G23ts23 mutation. The
L1G23ts23 mutant is defective in the phage-coded
DNase synthesis (Fig. 1B) as well as in the transcrip-
tion of its late genes at 42°C (Datta et al., 2007).
A gene involved directly in the positive regulation
of transcription of late genes of a phage is absolutely
essential for its lytic growth, while the phage may
grow even in the absence of the self-coded DNase in
a wild-type host. If the G23 gene regulates both the
late gene transcription and the synthesis of DNase
of L1 at the posttranslational level by a similar me-
chanism, then the revertants of L1cIts391G23ts23
capable of growing at 42°C (by overcoming the ts
defect in late transcription) may also include the ones
which might have undergone a mutation in a putative
late regulatory gene (say Gx), the protein product
of which is the target of G23 modification (leading to
conformational change). By such mutational change,
the putative mutant Gx protein would acquire its func-
tional form without G23 action, and such mutant Gx
protein may be directly involved in the positive regu-
lation of late gene transcription. To assess this pro-
position, around 25 revertants of G23ts23 mutations
were isolated and the property related to DNase syn-
thesis was studied. The results presented in Table II
show that among the 25 such revertants capable of
forming plaques at 42°C, two (R4 and R22) retained
the defect in the expression of DNase at 42°C (lines 4
and 5), while the other 23 revertants could synthesize
the enzyme like wild type L1 at this non-permissive
temperature (data not shown). These results suggest
that in the latter revertants, possibly true reversion
of the G23ts23 mutation has occurred to produce
wild-type, while in the former two (R4 and R22), the
G23ts23 mutation has not been reverted at all, but

the regain of growth capability at 42°C is possibly
caused by an extragenic suppressor mutation in the
putative gene Gx, which bypasses the requirement
of G23 function for the transcription of the late genes
by Gx protein.

Since R4 and R22 retain the ts defect in DNase
synthesis, they possibly still retain the G23ts23 mu-
tation. To verify this, the R4 revertant (R4 has also
cIts391 genotype) was crossed with L1cI� phage
(Fig. 1D), and the cIts391 containing recombinants
capable of growth at 32°C forming turbid plaque but
showing no growth at all at 42°C were selected and
analyzed. It was observed that some of these recom-
binants showed ts defects in both phage growth and
DNase synthesis at 42°C. That the ts defect in phage
growth at 42°C of such recombinant obtained from
the above cross was due to the presence of G23ts23
mutation was inferred by the fact that the above ts
recombinant did not complement L1G23ts23 mutant
for both growth and DNase synthesis at 42°C but did
complement the other ts mutants like G25ts889 and
G24ts764 of L1. This suggests that the revertant R4
retains the G23ts23 mutation and hence, the recovery
from ts defect in growth is due to a second mutation
(extragenic suppressor mutation sup4) in a different
gene, which we call Gx. From the above phage cross
experiment, it appears that the sup4 mutation (the
Gx gene) maps at the right side of G23 gene in the
L1 genetic map (Fig. 1D).

Discussion

Earlier study showed that G23 positively regulates
the transcription of about 50% of the late genes of L1
and hence the L1G23ts23 mutant is also growth-de-
fective at 42°C (Datta et al., 2007). The results pre-
sented in this paper show that L1G23ts23 mutant is
also defective in the phage-coded deoxyribonuclease
(Fig. 1B), while this enzyme synthesized at permis-
sive temperature by L1G23ts23 mutant showed heat-
inactivation pattern similar to that shown by the en-
zyme synthesized by the wild type phage (data not
shown). This suggests that the G23 gene itself does
not code for this enzyme. The transcription of delayed
early genes starts around 8 min and that of late genes
around 30 min after infection by L1 (Datta and
Mandal, 1998). The expression of L1-coded DNase
starts at around 10 min after infection (Fig. 1B). As
the expression of functional DNase by L1 needs the
functional G23 gene (Fig. 1B), the latter gene is also
expressed as early as 10 min after infection. So, both
the G23 gene and the gene encoding DNase belong
to the delayed early class. A comparison of genetic
and transcriptional map of L1 shows that G23 gene
maps at a position which is a part of the template for

L1cIts391 (G23+) 88.86 (100) 92.00 (103%)

L1cIts391G23ts23 64.00 (100) 6.70 (10.5%)
R4sup4 70.52 (100) 16.45 (11.6%)

R22sup22 85.70 (100) 24.00 (28%)

Table II
Deoxyribonuclease activity produced by the revertants

of L1cIts391G23ts23 isolated at 42°C

a For the definition of the unit of enzyme activity, see Figure 1B. For
other details, see Text and Methods. The whole set of this experiment
was repeated two times and the results in each case were reproducible.
So only the results of one set of experiment are presented.

Phage

DNase activity
(Units/mg protein)a

32°C 42°C
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delayed early gene transcription (Mandal et al., 2004;
Datta et al., 2007). The deoxyribonucleases coded
by other double-stranded DNA phages like 8 (Little,
1967), T4 (Miller et al., 2003) and T7 (Krüger and
Schroeder, 1981) are also the products of the delayed
early genes of the respective phages. In these phages
also the positive regulators of late gene transcription
are the members of delayed early gene family.

From computer analysis of the DNA sequence data
of L5 phage (a homoimmune sister of L1 phage),
the presence of three DNase-encoding genes in this
phage genome has been predicted, which appear to
be located at three different base coordinates, one
around 2 kb, the second around 38 kb, and the third
around 43 kb from the left end of 52 kb phage DNA
(Hatfull, 2000). But the expression and regulation of
these genes have not been studied at all. Our data on
the expression of L1-coded DNase (Fig. 1B) show
that there is not much difference in the level of this
enzyme in uninfected host and in L1G23ts23-infected
host (at non-permissive temperature), while at the per-
missive temperature, this enzyme activity increased
to about 10-fold higher level towards the end of latent
period (latent period of L1 is around 110 min at 37°C;
Chaudhuri et al., 1993). As L1 or L5 infection im-
mediately shuts off the protein synthesis in host
M. smegmatis (Hatfull, 2000; Datta et al., 2007), we
rule out the possibility of the host-specific DNase
induction following phage infection. Taken together,
the data suggest that either the G23-regulated DNase
of L1 is the major enzyme, if not the only one, coded
by this phage or all the different DNases, if coded by
L1 like L5, are possibly regulated by G23. It appears,
therefore, that the delayed-early gene G23 of L1
phage regulates the expressions of its two other de-
layed early genes, one encoding DNase (present
study) and the second encoding a positive regulator
of transcription of late genes (Datta et al., 2007). The
results of temperature-shift up experiment (Fig. 1C)
do suggest that the expression of L1-coded DNase
is not regulated by G23 at the transcriptional level
(Fig. 1C), while the G27 gene of L1 regulates the
expression of this enzyme at the transcriptional level
(Datta and Mandal, 1998).

The question now arises as to how the delayed
early gene G23 regulates the expressions of two other
delayed early genes, one encoding DNase and the
second encoding a postive regulator of transcription
of late genes of L1. Among the several revertants of
L1G23ts23 mutant, which could grow at 42°C (by
overcoming the ts defect in late transcription), two
still retain the ts defect in the above enzyme synthesis
at 42°C (Table II), and at least one of them (R4) has
been shown to retain the G23ts23 mutation (the other
one has not been tested by phage cross). This suggests
that a mutation (extragenic suppressor of G23ts23)

has occurred in a different gene (Gx which appears to
map at the right side of G23, see Fig. 1D; however,
the exact map location of this putative Gx gene is not
known yet) that bypasses the requirement of G23 for
the late gene transcription. Possibly, the protein pro-
duct of wild type Gx gene needs to be modified by
G23 protein for acquiring the functional form that ac-
tually activates late transcription, and the above
extragenic suppressor mutation has possibly changed
the conformation of the wild type Gx protein to one
that now activates late transcription without G23 in-
volvement. If this mechanism is the correct one then
this regulation of the putative Gx by G23 will be at
the posttranslational level. In a similar way, it may be
speculated that the L1-coded DNase is synthesized in
an inactive form, which is modified to the active form
by the G23 protein. It appears therefore that the G23
gene of L1 plays an important role in the regulation
of at least a part of the genetic circuit operating in the
lytic growth of this temperate phage. Cloning of the
genes encoding DNase, Gx, and G23 and their exten-
sive characterization will shed more light on the actual
mechanism of regulation of the former two genes by
the latter at the molecular level.
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