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Thewild-type repressor Cl of temperate mycobacteriophage
L1 and the temperature-senstive (ts) repressor CIts391 of a
mutant L1 phage, L1clts391, have been separatey
overexpressed in E. coli. Both these repressors were
observed to specifically bind with the same cognate oper ator
DNA. The operator-binding activity of Clts391 was shown
todiffer dgnificantly than that of the Cl at 32t0 42°C. While
40-95% operator-binding activity was shown to beretained
at 35 to 42°C in CI, more than 75% operator-binding
activity waslogt in CIts391 at 35 to 38°C, although the latter
showed only 10% less binding compared to that of the
former at 32°C. The CIts391 showed almogt no binding at
42°C. An in vivo gudy showed that the Cl repressor
inhibited the growth of a clear plaque former mutant of the
L1 phage more strongly than that of the CIts391 repressor
at both 32 and 42°C. The half-life of the CIts391-operator
complex was found to be about 8 times lessthan that of the
Cl-operator complex at 32°C. Interegtingly, the repressor-
operator complexes preformed at 0°C have shown varying
degrees of resgance to dissociation at the temperatures
which inhibit theformation of these complexesareinhibited.
The CI repressor, but not that of Clts391, regains mogt of
the DNA-binding activity on cooling to 32°C after
preincubation at 42 to 52°C. All these data suggest that the
131* praline residue at the C-terminal half of CI, which
changed to leucine in the CIts391, plays a crucial role in
binding the L1 repressor to the cognate operator DNA,
although the hdix-turn-helix DNA-binding motif of the L1
repressor islocated at its N-terminal end.
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Introduction

Mycobacteriophage L1 is a temperate phage, whose natura
host is an unspeciated Mycobacterium ATCC27199 (Doke,
1960). It has a 50 kb double-stranded DNA genome, which
remains integrated at a specific site in the chromosome of M.
smegmati's (Snapper et al., 1988). Genetic studies have shown
that the cl gene of L1 is essentia for both the establishment
and maintenance of lysogeny, and the lysogen of L1 carrying
a temperature-senditive mutation in its ¢l gene is induced at
non-permissive temperatures (Chaudhuri et al., 1993). This
suggests that the ¢l gene of L1 codes for its repressor. The cl
gene is located at the left-hand side in around 15% of the
coordinates of its genome (Chaudhuri et al., 1993). The wild-
type cl and mutant clts391 genes of L1 were cloned and
sequenced (Sau et al., 2004). Sequence analysis showed that
the cl gene encodes a 183 amino acid residue protein, and in
the Clts391 repressor, the proline residue a the 131% position
is replaced by leucine. Incidentally, the amino acid sequence
of the Cl repressor of L1 (Sau et al., 2004) was found to be
100% identicd to that of the repressor gp7l1 of the
homoimmune phage L5 (Hatfull, 2000). L5 gp71 negatively
regulates the transcription from the early promoter, Py and
was shown to bind at a specific operator region encompassing
the-35 element of the promoter, Py (Hatfull, 2000). The
promoter, having 100% sequence similarity with the P of
L5, was aso recently cloned from phage L1 (Chattopadhyay
et al., 2003). Interestingly, the operator present in Py, was also
present in 29 other locations within the L5 genome (Hatfull,
2000).

The temperature-sensitive repressors of lambda (Mandal
and Lelb, 1976; Jana et al., 1999), P1 (Heinrich et al., 1989)
and Mu (Voge et al., 1991) have been used as model systems
to study the structure-function relationship of these negative
regulatory proteins and to construct several genetic tools
(Sambrook et al., 1989). Severa mutants carrying the
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temperature-sensitive mutations in the repressor gene were
also isolated from both mycobacteriophages L1 (Chaudhuri et
al., 1993) and L5 (Donndly-wu et al., 1993), and the
mutations mapped (Donndly-wu et al., 1993; Sau et al.,
2004). However, such mutant repressors remain to be
exploited at length in the elucidation of the structure-function
relationship of any mycobacteriophage-specific repressor. In
the present communication, in order to decipher the role of the
131* proline residue on the structure and function of the L1
repressor, both the wild-type and the CIts391 repressors were
overexpressed and their operator DNA-binding activities
compared at different temperatures. Our data suggests that the
point mutation resulting in the P131L change in the CIts391
repressor significantly affects its binding to the operator at
32°C and above.

Materials and Methods

Bacterial and phage strains, plasmids and growth conditions
M. smegmatis mc*155 and LR222, were obtained from Dr. Anil
Tyagi (University of Dehi, South Campus, New Delhi, India), and
routinely grown in Middlebrook 7H9 medium (Chaudhuri et al.,
1993). The wild-type mycobacteriophage L1, its mutants L1cl” and
L1clts391, and their assay procedures have been described
previoudy (Chaudhuri et al., 1993). The E. coli-M. smegmatis
shuttle vector pSD5S30, containing a mycobacteria-specific
promoter S30, was obtained from Dr. Anil Tyagi (University of
Dehi, South Campus, India). The vector pMPMK4 (Mayer, 1995)
was a generous gift from Dr. S. Yasuda (Japan).

DNA isolations and manipulations Genomic DNAs were
isolated from both the wild-type L1 and mutant L 1clts391 phages,
according to the standard procedure (Sau et al., 2004). The cl and
clts391 genes were amplified by Taq polymerase using the above
genomic DNASs as templates and the same pair of primers, LCP2
(5-AAGCTTCCTTTCGTTGCGCGGC) and LCP3 (5-GAATTC
ATGAGCGGCAAAATC). The resulting fragments were cloned
separately into a TA cloning vector, according to the manufacturer’s
protocol (Invitrogen Inc., Carlsbad, USA). The recombinant TA
vectors carrying the cl and clts391 genes were designated
pSAU1047 and pSAU1076, respectively. Sequences of the
repressor genes were confirmed by the sequencing of the inserts of
both pSAU1047 and pSAU1076 using an ABI automated
sequencer, according to the manufacturer’s protocol. All other
molecular biological techniques, including plasmid DNA isolation,
digestion of DNA by redtriction enzymes, ligation by T4 DNA
ligase, transformation, etc. were carried out according to the
gtandard procedures (Sambrook and Russdll, 2001). All the
regriction & modifying enzymes, PCR kits and oligonucleotides
were purchased from Bangaore Genel (India).

Overexpression of thewild-type Cl and CIts391 repressors  To
overexpress the wild-type Cl and CIts391 repressors, the cl and
clts391 genes, generated from pSAU1047 and pSAUL076,
respectively, were separately subcloned downstream of the L-
arabinose inducible promoter, pBAD, in an E. coli-specific

expresson vector, pMPMK4 (Mayer, 1995). The resulting
pMPMK4 derivatives carrying the cl and clts391 genes were
named pSAU1049 and pSAU1085, respectively.

E. coli DH5a cdls carrying pSAU1049 were grown for 16 h at
32°C in the presence of 0.1 (w/v) L-arabinose and then harvested by
centrifugation. The cell pellet was resuspended in 1/10 volume of
TEN buffer (10mM Tris-Cl, pH 7.9, 1mM EDTA and 50 mM
NaCl) and sonicated with 5-30sec pulses a 100 W using a
sonicator (Microsonics XL2000). The extract was centrifuged at
37,000 rpm at 4°C, and both the supernatant and pellet fractions
were stored on ice till used. The proteinsin these cell extracts were
estimated by a standard procedure (Bradford, 1976) and those in the
different fractions analyzed by SDS-PAGE (Ausubel et al., 1998).
A protein band having a size (~21 kDa) similar to that of the L1
repressor was found in the extracts made from the induced E. coli
cedlls carrying pSAU1049 only (data not shown).

The cell extracts were prepared from E. coli DH5¢, (pSAU1085)
cells by the same procedure described above. As shown in the case
of the wild-type L1 repressor above, a 21 kDa protein was aso
detected in the extracts prepared from the induced E. coli cdls
carrying pSAU1085 only (data not shown).

Ge shift assay For the gal shift assay, a 97 bp Pstl-BamHI
fragment of L1 DNA, equivalent to 51740-51644 bp co-ordinate of
L5 genome carrying one repressor binding site a the immediate
upstream of the promoter, P, (Brown et al., 1997) was cloned in a
separate study and used here as an operator DNA in the gdl shift
assay. It was end-labeled with [#P-y] ATP, according to the standard
procedure (Sambrook and Russell, 2001). The gel shift assay was
performed by a modification to the method of Brown et al., (1997).
Briefly, an diquot of the soluble extract, containing around 5 g
protein, was mixed with 2 g of *P end- labeled operator DNA ina
20 pl reaction mixture (containing 2 ug of caf thymus DNA, 100
ug/ml of BSA, 50 mM NaCl, 10 mM Tris pH 7.9, 5% glycerol and
1mM EDTA) and incubated on ice for 15 min. The reaction was
stopped by the addition of 3l of loading dye (containing 5%
glycerol and Bromophenol blue) and the samples loaded onto a pre-
run native polyacrylamide gel (6 % acrylamide, 1 X TBE pH 8.3)
in 0.25 X TBE buffer (Ouyang et al., 1999). After electrophoresis
for 4h a 50V, the gl was dried and autoradiographed. The
autoradiographs were scanned either by a densitometer (Molecular
Dynamics, USA) or by a Gel Doc 1000 system (BioRad, Hercules,
USA). Each lane was scanned 3-5 times and the average vaue of
each lane was used to determine the amount of both the bound (by
L1 repressor) and free operator DNA that had been separated by the
above gel eectrophoresis. As demonstrated for many DNA-binding
proteins before (Ausubel et al., 1998), the amount of operator DNA
shifted (bound) by the L1 repressor was used as a direct measure of
the operator DNA-binding activity of L1 repressor. For the
incubation of the L1 repressor or L1 repressor-operator complexes
a other temperatures, such as 32, 35, 38, 42, 45, 48 and 52°C,
different temperature-regulated water baths were used.

To see the effect of temperatures on the DNA binding activities
of the L1 repressor, equa amounts (5 ug) of E. coli cell extracts
carrying either the wild-type or Clts391 repressors were incubated
at 32, 35, 38 and 42°C for 30 min. Then, 2 ug of *P end- labeled
operator DNA was added to each extract and the incubation
continued for another 20 min. Therest of the steps of gel shift assay
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were the same as those described above.

To study the refolding of the L1 repressor, equal amounts (5 1g)
of E. coli cdl extracts carrying either the wild-type or Clts391
repressors were incubated at 42, 45, 48 and 52°C for 30 min, and
then cooled very dowly to 32°C. An equa amount of *P end-
labeled operator DNA was added to each extract and the reactions
continued for 20 min at 32°C. The rest of the steps of gdl shift assay
were performed according to the procedure described above.

To study the stability of the complexes formed between the wild
type Cl (or Clts391) and the operator at different temperatures,
equal (5 ug) amounts of E. coli extract were mixed with 2 ug of ¥P
end-labeled operator DNA at 0°C and incubated for about 1 min.
Then, the reaction mixtures were transferred to 32, 42, 45, 48 and
52°C incubators for 20 min. Next, al the mixtures were resolved,
autoradiographed and quantified by the procedures described
above.

To sudy the rate of dissociation of the repressor-operator
complexes a 32°C, equd (5g) amounts of E. coli cells extracts
(carrying either the wild-type or L1CIts391 repressor) were mixed
with 2ng of ®P end-labeled operator DNA and incubated a 32°C.
After 20 min, a 400-fold excess of unlabeled operator DNA was
added, and 25 pl diquots taken at 0, 5, 15, 30, 45, 60 and 90 min.
Each time the reaction was stopped by the addition of an equal
volume of the sample loading buffer. These reaction mixtures were
subjected to electrophoresis, autoradiographed and scanned by the
procedures described above. The half-life of the repressor-operator
complex was determined as the time point where 50% of the
repressor-operator complex of the zero time point was present.

Results and Discussion

The wild-type CI and its mutant derivative, Clts391 bind
to the same cognate operator specifically Ascertain that
the 21 kDa protein present in the extracts of the L-arabinose
induced E. coli cdls carrying pSAU1049 is indeed an L1-
specific repressor, a gd shift assay was performed using the
#pP end-labeled L1 operator DNA and different E. coli cell
extracts. The results shown in Fig. 1 reved that the operator
DNA-binding activity (assayed at 0°C) was present in the cell
extract prepared from induced E. coli carrying pSAU1049
plasmid (lane 3) only, but in neither the same cells grown in
the absence of the inducer (lane 2) nor the E. coli cdls
harboring no plasmid but grown in presence of L-arabinose
(data not shown). The binding to the *P-labeled operator
DNA was competed with cold operator DNA (lane 4), but not
with non-specific DNA (lane 5). It was concluded that this
DNA-binding activity was specific for the operator DNA of
L1. Identical DNA-binding results were also obtained with the
extract prepared from the L-arabinose induced E. coli cells
carrying pSAU1085 (data not shown). Therefore, the above 21
kDa protein was truly the ¢l gene-coded repressor of L1. The
operator DNA-binding results aso suggest that the L1
repressor expressed in the heterologous system of E. coli had
attained biologically active conformation.

® - .

Fig. 1. Operator DNA-binding specificity of the L1 repressor. To
determine the operator DNA-binding specificity of the L1
repressor, the gel shift assay was carried out according to the
procedure described in Materids and Methods. Lanes: 1, end-
labeled operator; 2, as of lane 1 plus uninduced E. cali
(pSAU1049) cdl extract; 3, as of lane 1 plus induced E. coli
(PSAUL049) extract; 4, as of lane 3 plus 100 fold excess of cold
operator DNA; 5, as of lane 3 plus 100 fold excess of a DNA
fragment carrying a truncated E. coli -galactosidase gene. See
text for details.

Comparison of the operator DNA binding activities
between the wild-type ClI and CIts391 repressors at
different temperatures The temperate mycobacteriophage
L1 forms turbid plaques on the lawn of M. smegmatis at both
32 and 42°C, whereas, its mutant L1clts391, forms turbid
plagues at 32°C, but clear plaques a 42°C (Chaudhuri et al.,
1993). It was suggested that the point mutation present in
Clts391 makes it more heat-labile compared to the wild-type
repressor above 32°C (Sau et al., 2004). To determine whether
the repressor CIts391 is really more thermosensitive than that
of its wild-type counterpart, their operator DNA-binding
activities were compared by gel shift assays at temperatures
ranging from 32 to 42°C. It was reasoned that a repressor, if
senditive to a particular temperature, would fail to bind its
cognate operator DNA at that temperature, and as a result, the
repressor-operator complex will not form. As shown in Fig. 2,
the operator-binding activity of the wild-type repressor was
affected nearly 5-10% at 35 to 38°C compared with that
obtained at 32°C (lanes 2 versus 4 & 6). However, about 40%
binding was found at 42°C (Fig. 2, lanes 2 versus 8). The
binding activity of Cl was dramaticaly reduced, to about 95-
98%, at temperatures from 45 to 52°C (data not shown). On
the contrary, the operator DNA-binding activity of the CIts391
repressor was estimated to be about 10% less than that of the
wild-type Cl at 32°C (Fig. 2, lanes 2 versus 3). Most notably,
around 75% of the Clts391-specific activity was lost at 35 and
38°C (Fig. 2, lanes 3 versus 5 & 7), and at 42°C there was
barely any CIts391 activity left (Fig. 2, lane 9). The data
indeed indicates that the DNA-binding activity in the ClIts391
repressor was more thermolabile than that in the wild-type
repressor at 35°C and above. Such temperature-dependent
behavior of CIts391 has not been previoudly reported for any
other temperature-sengtive mycobacteriophage-specific repressor.
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Fig. 2. The effect of preincubation at different temperatures on
the DNA-binding activities in L1 repressors. The gel shift assay
picture showing the amount of complexes formed between the
wild-type Cl (or CIts391) repressor and operator DNA at
different temperatures. See Materids and Methods for details.
Lanes2 & 3,4 & 5,6 & 7 and 8 & 9 contain reaction mixtures
a 32, 35 38 and 42°C, respectively. Lane 1 contains labeled
operator only. The reaction mixtures containing the wild-type
repressor were loaded into lanes 2, 4, 6 and 8, wheress, the
mixtures carrying the CIts391 repressor were loaded into the
remaining lanes.

Uah“”

Fig. 3. The effect of cooling of the pre-heasted L1 repressor on
the operator DNA-binding activity. The autoradiograph showing
the extent of refolding of both the CI and CIts391 repressors
preheated at different temperatures. See Materiads and Methods
for details. Lanes 2, 4, 6 and 8, contained the assay mixture
carrying the wild-type repressors preincubated at 42, 45, 48 and
52°C, respectively. Lane 1 contained *P end labeled operator
DNA only. In the rest of the lanes, the Clts391 repressors,
preincubated a 42, 45 and 48°C, were loaded after their
reactions.

Heat-treated wild-type repressor Cl regains its DNA-
binding activity after gradual cooling The loss of DNA-
binding activity in the above two repressors suggests that the
active conformations of the repressor proteins are changed to
inactive forms at higher temperatures. To test if such changes
of the conformations of the repressor proteins were reversible
or irreversble, the DNA-binding activities of the heat-treated
repressors were determined after their dow cooling. As shown
in Fig. 3 (lane 2), the wild-type repressor was estimated to
shift by around 80% that of the input operator when cooled to
32°C dfter heating at 42°C. This indicates that the wild-type
repressor substantially regained its DNA-binding activity as it
showed only about 40% DNA-binding activity at 42°C (Fig. 2,
lane 8). In addition, around 45-60% DNA-binding activity
was shown when cooled dowly to 32°C after preincubation at
temperatures from 45 to 52°C (Fig. 3, lanes4, 6 and 8). Thisis
highly surprising as the wild-type ClI was found not to bind
the operator DNA at a significant level when the binding
assays were carried out directly between 45 and 52°C (data
not shown). Contrary to the above, the CIts391 repressor was
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Fig. 4. The difference in stability between the wild type Cl and
Clts391 repressor operator complexes at different temperatures.
The plot of % operator bound versus temperature show the
varying degrees of resistance of the Cl-(curve A) or Clts391-
(curve B) operator complexes to dissociation a 32-52°C. As
described in Materids and Methods, the amount of repressor-
bound operator, not undergoing dissociation on shifting the
reaction mixtures from 0 to 32, 42, 45 48 and 52°C,
respectively, were determined from a gel shift assay picture, and
then plotted. The amount of repressor-bound operator at 32°C
was defined as 100%.

observed not to regain its DNA-binding activity to an
appreciable level, even when cooled dowly to 32°C after 30
min preincubation at 42°C (Fig. 3, lane 3). These reaults differ
from the observation with some of the temperature-sensitive
mutant repressors of phage A, which regained substantial
amounts of DNA binding activities under similar treatments
(Mandal and Leib, 1976). However, our results suggest that
the 131* proline residue of the L1 repressor plays crucial roles
in maintaining its active form and in the binding of the
repressor to the cognate operator.

Stability of repressor-operator complex at different
temperatures It was shown that a mutant repressor of
bacteriophage P1 could not bind with its operator DNA in the
temperature ranging 40 to 45°C, but the repressor-operator
complex formed at room temperature was somewhat resistant
to the above temperatures (Heinrich et al., 1989). To see
whether the CIts391 repressor of L1 behavesin asimilar way,
the oability of the Clts391-operator DNA complexes
preformed at 0°C was checked by the gel shift assay after 20
min incubation a 32 to 52°C. As shown in Fig. 4, the
complexes had varying degrees of resistance to dissociation
during incubation at the above temperatures (curve B). The
preformed Cl-operator DNA complexes were a so found to be
heat-tolerant within the above temperature range (Fig. 4,
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Fig. 5. Dissociation of the repressor-operator complexes at 32°C.
The amount of repressor-bound operator, remaining undisturbed
for 0-90 min after the addition of excess cold operator DNA,
were determined from gel shift assay pictures, and then plotted
againgt time. For details, see Materials and Methods. The amount
of operator bound in the shifted complex of the zero time aiquot
was defined as 100%. Curves. A, wild-type repressor and B,
CIts391 repressor, respectively.

Curve A). The only difference between the two types of
complex is that the Cl-operator complexes are dightly more
gable than those of the Clts391-operator at temperatures
above 42°C (curves A versus B). In general, about 45-98% of
either type of complex was found to be unperturbed between
42 and 52°C compared to that at 32°C. Such results, however,
were unexpected compared to the observation mentioned
above (Fig. 2). Also, this can not properly explain how the
L1clts391 lysogen in M. smegmatis is induced and lysed at
42°C (Chaudhuri et al., 1993), when the CIts391 repressor-
operator complex is resistant to a certain extent at this non-
permissve temperature. This indicates that some other
regulators may also be involved in the induction of the above
lysogen a non-permissive temperatures.

Plating efficiency of L1cl” phage on M. smegmatis strains
carrying the wild-type cl and clts391 repressor genes
Both the wild-type L1 and its mutant L1clts391 phages form

turbid plagues on the lavn of M. smegmatis a 32°C
(Chaudhuri et al., 1993). Our in vitro data have aso shown
(above) that both the repressors bind wel with the same
operator DNA a 32°C. To test whether the two repressors
behave similarly in vivo, the efficiency of the plating of L1cl
(Chaudhuri et al., 1993) on M. smegmatis mc*155 carrying
either the wild-type or the clts391 repressor genes was
measured. To this end, the plasmids pCP1 and pCP2 (Sau et
al., 2004) were constructed by cloning the wild-type cl and
clts391 genes into pSD5S30 (Jain et al., 1997). Next, Llcl
phages were plated on M. smegmatis mc?155 carrying either
pCP1 or pCP2, and the efficiencies of the plating of L1cl™ as
well as its plague size were determined at both 32 and 42°C,
and the data are presented in Table 1. At either temperature,
both the efficiency of the plating (e.0.p) of L1cl” phages and
the plague size determined on mc?155 (pCP2) were increased
significantly compared to those on mc®155 (pCPl1), but
reduced to an extent comparable with those on mc?155
(pSD5S30). The reduction of both the determinants,
especidly at 42°C, most possibly occurred due to assaying the
Llcl" phage at room temperature. However, these results
suggest that the wild-type repressor gene of pCP1 is more
active in repressing the growth of L1cl compared with that of
the clts391 repressor gene at both 32 and 42°C. It was
interesting to note that the L1cl™ phages were unable to form
plagues on either the wild-type L1 lysogen or L1clts391
lysogens in mc*155 a 32°C (data not shown). This may have
been that the levels of expression of the repressors by pCP1
and pCP2 were less than those of the lysogens.

Half-lives of the repressor-operator complexes The
reduced level of repression of L1cl™ phage growth by Clts391,
as found above, may have been due to the wesker binding of
Clts391 to the operator DNA than that of the wild-type CI at
32°C. To test this hypothesis, the rate of dissociation of the
Clts391-operator complex was compared with that of the
wild-type Cl-operator complex at 32°C. As shown in Fig. 5,
the rate of dissociation of the Clts391-operator complex was
much higher than that of the Cl-operator complex a 32°C.
While the haf-life of the latter complex was estimated to be
160 min, that of the former was only 20 min. On the contrary,
at 0°C, the half-lives of the two complexes were 90 and 130
min, respectively (data not shown). These results suggest that
the operator binding activity of Clts391 isweaker than that of

Table 1. Plaing of L1cl™ phages on M. smegmatis mc?155 carrying different plasmids

M. smegmatis Repressor gene Percent e.o.p* of L1cl™ Diameter of plague (mm)
Strains present 32°C 42°C 32°C 42°C
mc?155 (pSD5S30) nil 100 100 25 3.0
mc?155 (pCPl) cl 95 20 0.5 18
mc*155 (pCP2) clts391 22 63 1.0 25

*The efficiency of plating (e.0.p) was determined by dividing the plague-forming units on M. smegmatis mc?155 carrying either pCP1
or pCP2 by those formed on M. smegmatis mc?155 harboring pSD5S30. See text for details.
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the wild-type repressor at 32°C.
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