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ABSTRACT: Previously, the repressor protein of mycobacteriophage L1 bound to two operator DNAs with
dissimilar affinity. Surprisingly, the putative operator consensus sequence, 50GGTGGa/cTGTCAAG, lacks
the dyad symmetry reported for the repressor binding operators of λ and related phages. To gain insight into
the structure of the L1 repressor-asymmetric operator DNA complex, we have performed various in vitro
experiments. A dimethyl sulfate protection assay revealed that five guanine bases, mostly distributed in the
two adjacent major grooves of the 13 bp operator DNA helix, participate in repressor binding. Hydroxyl
radical footprinting demonstrated that interaction between the repressor and operator DNA is asymmetric in
nature and occurs primarily through one face of theDNAhelix. Genetic studies not only confirmed the results
of the dimethyl sulfate protection assay but also indicated that other bases in the 13 bp operator DNA are
critical for repressor binding. Interestingly, repressor that weakly induced bending in the asymmetric operator
DNA interacted with this operator as a monomer. The tertiary structure of the L1 repressor-operator DNA
complex therefore appears to be distinct from those of the lambdoid phages even though the number of
repressor molecules per operator site closely matched that of the λ phage system.

The key regulatory elements that most temperate bacterio-
phages employ for the establishment and maintenance of lyso-
geny are the phage-encoded repressor and the cognate operator
DNA (1-10). To ensure phage lysogeny, repressor protein
generally inhibits the transcription of the phage-specific lytic
genes from the early promoter by binding to the overlapping
operator DNA. Themolecular mass and the primary structure of
the phage-specific repressor proteins vary greatly, but they
typically harbor a DNA binding domain and a separate oligo-
merization domain. The operator DNAs, which may be
symmetric (1-6) or asymmetric in nature (7-10), differ in size
and in sequence. Investigation of the structures of several phage-
specific repressor-operator complexes demonstrated that the
operator binding forms of repressors are typically multimeric in
nature (2, 11-13), with numerous residues from both repressor
and operator DNA contributing to complex development. The
architectures of most complexes, especially, which are formed
between the repressors and cognate asymmetric operator DNAs,
have not been well-characterized.

Mycobacteriophage L1,1 a temperate bacteriophage, utilizes
Mycobacterium smegmatis as the host for executing its lytic and

lysogenic life cycles (14). Genetic analysis has revealed that L1
harbors 28 genes for regulating lytic development and a repressor
(cI) gene for maintaining lysogeny (15). The cI gene was cloned,
sequenced, and found to encode a protein of 183 amino acid resi-
dues (16). Both the native L1 repressor (CI) and its N-terminal
histidine-tagged variant (His-CI) were purified to homogeneity
and exploited in investigating the structure and DNA binding
capacity of this regulatory protein at length (10). CI monomer
appears to possess an N-terminal domain (NTD), a C-terminal
domain (CTD), and a small hinge region between the two
domains. The NTD, which consists of amino acid residues
∼1-54, carries a putative helix-turn-helix (HTH) motif, indica-
ting its possible role in operator DNA binding. Indeed, a variant
L1 repressor lacking HTH motif did not bind to the cognate
operator DNA at a detectable level (17). The CTD, which is
composed of amino acid residues ∼63-183, exhibited more
compactness than the NTD and appeared as a dimer in solution,
suggesting the involvement of this domain in CI dimeriza-
tion (10). The R-helical contents of both CI and CTD were
reduced substantially when their incubation temperature was
increased from 30 to 42 �C, demonstrating that these proteins
unfold at higher temperatures. Expectedly, operator DNA bind-
ing activity of CI at 42 �C was found to be less than that at
30 �C (18). Other physical factors that strongly influence the
structure and function of CI are the ions and the ionic strength of
the solution (17, 19). Naþ turns out to be a better ion than other
monovalent cations and Mg2þ for maintaining the structure,
function, and stability of CI.

Previously, CI bound to two different L1 DNA fragments
(designated O64 and OL) with dissimilar affinity (10). While O64

carries the putative operator sequence 50GGTGGATGTCA-
AG, OL harbors the sequence 50GGTGGCTGTCAAG. The
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apparently higher repressor binding affinity observed with the
former operator might be due to the “A” base at the sixth
positionwhich is a “C” in the latter sequence. Surprisingly, unlike
the repressor binding operatorDNAs of the lambdoid phages (2),
putative L1 operators are asymmetric in nature. Repressor
proteins of mycobacteriophages L5 and Bxb1 also exhibited
binding to asymmetric operatorDNAs (9, 20). Interestingly, both
L5 and Bxb1 carry multiple asymmetric operator sites, which are
dispersed at various genome locations (9). Sequences ofCI and its
cognate operator DNAs show 100% identity with those of L5
and moderate identity with those of Bxb1 (16, 21). Currently,
little is known about the nucleotides, grooves, or faces of the
asymmetric operator DNA involved in the binding of any
mycobacteriophage-specific repressor protein. The tertiary struc-
ture of any asymmetric operator DNA-repressor complex has
also not yet been determined. Using the repressor-O64 operator
system of mycobacteriophage L1 as a model system, here we
studied the interactions between these two regulatory elements by
several in vitro techniques. Our data confirm that the 13 bp
asymmetric operator DNA indeed participates in repressor
binding. Bases that showed interaction with repressor are mostly
distributed in the two adjacent major grooves of the operator
DNA helix, and the repressor interacts with one face of the
asymmetric operatorDNAhelix. Furthermore, L1 repressor that
bends the operator DNA weakly binds to this operator as a
monomer even though its concentration in lysogens was found to
be reasonably high.

EXPERIMENTAL PROCEDURES

Materials. All chemicals, including acrylamide, bisacryl-
amide, agarose, urea, dimethyl sulfate (DMS), ferrous ammonium
sulfate, thiourea, and hydrogen peroxide (H2O2), were purchased
from Sigma and Merck. The Ni-NTA resin and anti-His anti-
body were procured from Qiagen. The alkaline phosphatase-
tagged goat anti-mouse antibody (IgG1-AP) was procured from
SantaCruz Biotechnology Inc. Radioactive nucleotides, [γ-32P]ATP
and [R-32P]dATP, were bought from BARC (Mumbai, India).
Restriction and modifying enzymes, Proofstart DNA polymer-
ase, the plasmid isolation kit, the QIAquick gel extraction kit, the
QIAquick nucleotide removal kit, the plasmid isolation kit, the
PCR kit, oligonucleotides (Table 1), protein, and DNA markers
were obtained from Qiagen, Hysel India Pvt Ltd., Genetix
BiotechAsia Pvt Ltd., andRoche.Growthmediawere purchased
from Difco Laboratories and HiMedia. Polyclonal anti-CI anti-
body, raised by injecting His-CI into a rabbit, was bought from
Imgenex Biotech Pvt. Ltd.
Bacterial and Phage Strains. M. smegmatis strains mc2155

andmc2155 (L1) (i.e., mc2155with the chromosomally integrated
L1 genomic DNA or L1 lysogen) were grown in Middlebrook
7H9 broth (10, 15). Escherichia coli strains were routinely cul-
tivated in Luria-Bertani medium supplemented with an appro-
priate antibiotic (22). Mycobacteriophage L1 and its growth
conditions were described previously (15).
Basic DNA and Protein Techniques. Plasmid DNA isola-

tion, DNA estimation, digestion of DNA by restriction enzymes,
modification of DNA fragments by modifying enzymes, plasmid
DNA transformation of E. coli or M. smegmatis, polymerase
chain reaction (PCR), purification of DNA fragments, labeling
of DNA fragments with either [γ-32P]ATP or [R-32P]dATP,
agarose gel electrophoresis, native PAGE, SDS-PAGE, urea-
PAGE, staining of polyacrylamide gels, etc., were performed by

standard procedures (9, 10, 22, 23) or according to the protocols
provided by the respective manufacturers (Qiagen, Fermentas
GmbH, Bangalore Genei P. Ltd.). The total protein content
was estimated by the Bradford assay using bovine serum albumin
as the standard (24). Isolation of L1 chromosomal DNA was
conducted via a previously described procedure (15).
Plasmid Construction. To generate different O64 operator-

carrying DNA fragments, plasmid p1223 was constructed by
cloning a 239 bp BglII-XhoI DNA fragment of p1095 (25) into
theBamHI- andSalI-digested pUC18vector (22). To overexpress
the L1 repressor as an N-terminal maltose binding protein
(MBP)-tagged variant (MBP-CI), plasmid p1047 was gene-
rated via insertion of an L1 DNA fragment [amplified from L1
chromosomal DNA by primers LCP2 and LCP3 (10)] into
pMAL-C2 (New England Biolab). Construction of plasmid
pSAU1180, used for overexpressing His-CI, was reported pre-
viously (10).
Purification of Recombinant L1 Repressors. To study the

CI-operator interaction in detail, we purified His-CI from
inducedE. coliBL21 (DE3) (pSAU1180) cells byNi-NTAaffinity
chromatography using themethod ofGanguly et al. (10). Because
of simpler purification procedures and the sufficiently high
operator binding activity (19), His-CI was preferred over CI
and was used in most of the in vitro experiments described here.

To study the CI binding stoichiometry, MBP-CI was purified
from E. coli ER2523 (p1047) cells according to a standard
procedure (23) with modifications. Briefly, a log phase E. coli
ER2523 (p1047) cell culture was induced with 0.1 mM IPTG
(isopropyl β-D-1-thiogalactopyranoside) for 4 h at 25 �C. Cells
were harvested by centrifugation, washed once with 0.9% NaCl,
and resuspended in 1/20 volume of buffer A [50 mM sodium
phosphate buffer (pH7.0), 200mMNaCl, 1mMEDTA, and 5%
glycerol] containing 100 μg/mL PMSF. After the cells had been

Table 1: Oligonucleotides Used in This Study

oligo sequence (50-30)

64F GAGAGATCTTAGTGCAGATCAACGACTTCG

64R ACTAAGCTTGCCGATCCGGCGATGAG

WT1 TTTGGTGGATGTCAAGTTAGA

WT2 CTAACTTGACATCCACCAAAA

MIF TTTGTGGATGTCAAGTTAGA

MIR CTAACTTGACATCCACAAAA

M2F TTTGTTGGATGTCAAGTTAGA

M2R CTAACTTGACATCCAACAAAA

M3F TTTGGTCGATGTCAAGTTAGA

M3R CTAACTTGACATCGACCAAAA

M4F TTTGGTGGAGGTCAAGTTAGA

M4R CTAACTTGACCTCCACCAAAA

M5F TTTGGTGGATTTCAAGTTAGA

M5R CTAACTTGAAATCCACCAAAA

M6F TTTGGTGGATGCCAAGTTAGA

M6R CTAACTTGGCATCCACCAAAA

M7F TTTGGTGGATGTCTAGTTAGA

M7R CTAACTAGACATCCACCAAAA

M8F TTTGGTGGATGTCAACTTAGA

M8R CTAAGTTGACATCCACCAAAA

B1 ACTTCGGTCACTAACTTGACATC

B10 GCGTCGGAGGTACACGC

B2 GAATTCGAGCTCGGTACCC

B20 GCGATGAGTGCGGTGGC

B3 GGAAACAGCTATGACCATGATTAC

B30 TTCTTCATGTTCGCTACTTTCTG

B4 GAGCGGATAACAATTTCACACAG

B40 GTTTGGTGGATGTCAAGTTAGTG
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ruptured by sonication, cell debris was removed from the crude
extract by centrifugation. The resulting cell supernatant was
subjected to amylose resin-based affinity chromatography fol-
lowed by the elution of the protein as described previously (23).
From SDS-10% PAGE analysis (data not shown), the elution
fraction described above was found to possess primarily a protein
of ∼65 kDa (∼95% pure). The molecular mass of this eluted
protein corresponded to the calculated molecular mass of MBP-
CI. The purified protein interacted with the anti-CI antibody
(data not shown) and exhibited specific binding with O64 DNA
(Figure S1A of the Supporting Information). The data toget-
her indicate that the ∼65 kDa protein in the elution fraction
was indeed MBP-CI. Both MBP-CI and His-CI were dialyzed
against buffer A for 3 h at 4 �C before in vitro experiments
were performed. Using the molecular masses of monomeric
MBP-CI and His-CI, their respective molar concentrations were
determined.
Synthesis of DNA Fragments for in Vitro Studies. To

study the structure of the L1 CI-O64 DNA complex precisely,
severalO64 operator-carrying DNA fragments were generated by
standard procedures (22). Briefly, B1, B2, B3, B4, andO64 DNA
fragments (each 119 bp) were amplified from p1223 DNA by the
primer pairs B1 andB10, B2 and B20, B3 and B30, B4 andB40, and
64F and 64R, respectively (Table 1). All the DNA fragments
described above harbor the 13 bp O64 operator sequence at
different locations. Several other DNA fragments such as
M1-M8 and WT were generated by standard annealing of the
primer pairs M1F and M1R, M2F and M2R, M3F and M3R,
M4F and M4R, M5F and M5R, M6F and M6R, M7F and
M7R, M8F and M8R, and WT1 and WT2, respectively
(Table 1). All the DNA fragments mentioned above except WT
harbor a mutated O64 sequence.
Mutant Operator DNA-CI Interaction. To determine the

effects of different operator DNA mutations on CI binding, gel
shift assays were performed by a standard procedure (10)
with minor modifications. Briefly, different 32P-labeled mutant
operator DNAs (such as M1-M8) were incubated separately
with a saturating amount of His-CI in 20 μL of buffer A for
20 min at 25 �C. After termination of the reactions with the gel
loading dye (without SDS), all reaction mixtures were analyzed
by 6% native PAGE. Binding of His-CI toWTDNA (harboring
the 13 bp wild-type operator) was also conducted simultaneously
for the sake of comparison.
Chemical Cross-Linking. To determine the oligomeric

status of L1 repressor in the presence or absence of cognate
operator DNA, we performed chemical cross-linking experi-
ments according to the standard procedure with modifica-
tions (10). Briefly, different pre-equilibrated reaction mixtures
containing 16 μMHis-CI and 0-500 nMO64DNAwere exposed
to a 0.1%glutaraldehyde solution for 2min at room temperature.
We terminated the reactions by adding gel loading dye and
boiling the sample for 2 min. All samples were analyzed by 10%
SDS-PAGE (22).
Gel Shift Assay. To determine the operator binding affinity

of MBP-CI, equilibrium binding of this recombinant repressor
was studied by a gel shift assay according to the standard
procedures (10, 18) with minor modifications. Briefly, varying
amounts of MBP-CI were incubated with ∼0.2 nM 32P-labeled
O64 DNA for 20 min at 25 �C followed by the addition of gel
loading dye (without SDS) to all reaction mixtures, which were
subsequently analyzed by 6% native PAGE (22). The autoradio-
gram (Figures S1B of the Supporting Information) was scanned

with a densitometer (Bio-Rad), and the resulting data were used in
estimating the amounts of operatorDNAbound byMBP-CI. The
apparent equilibrium dissociation constant or Kd (i.e., the con-
centration of MBP-CI yielding half-maximal binding) was deter-
mined by nonlinear fitting of the gel shift assay data (described
above) to a hyperbola equation using GraphPad Prism.

For studying CI binding stoichiometry, gel shift assays were
performed essentially by the samemethod described above except
that reaction mixtures contained 0.2-4 μM His-CI and excess
O64 DNA (3 μM cold and ∼0.2 nM 32P-labeled O64 DNA). The
His-CI preparation used in the binding stoichiometry experiment
was considered to possess 100% operator binding activity.
Mixed Oligomerization Assay. To determine the operator

DNA binding form of CI directly, we conducted a mixed
oligomerization assay according to the standard procedure with
modifications (26). In brief, MBP-CI, His-CI, and the pre-
equilibrated mixtures of MBP-CI and His-CI were incubated
separately with ∼0.2 nM 32P-labeled O64 DNA for 20 min at
room temperature. All reaction mixtures were next analyzed by
the procedure as described for the gel shift assay described above.
Bending Study. To study the possible CI-induced bending of

the operator DNA, a gel shift assay was performed by the
standard procedure (10) with minor modifications. Briefly, five
32P-labeled DNA fragments (B1-B4 and O64) were incubated
separately with 0.4 μM His-CI followed by the resolution of all
reaction mixtures by 8% native PAGE for 8-10 h at 4 �C. The
distances between the centers of migrated bands and the origin
were determined. The migration of each His-CI-DNA complex
was normalized by dividing the migration of the corresponding
freeDNA. The bending angleRwas calculatedwith the following
equation (27):

μmax=μmin ¼ cosðR=2Þ ð1Þ

μmax and μmin denote the maximally and minimally retarded
migrations of the His-CI-DNA complexes, respectively. The
apparent bending center was determined from the plot of
mobility versus the distance of the O64 operator from the 50

end of the DNA.
Labeling of the Top and Bottom Strands of O64 DNA. To

label the top strand ofO64DNAwith 32P, the 50 end of 64F oligo
was labeled with [γ-32P]ATP followed by PCR amplification of
119 bpO64DNA using labeled 64F and 64R and p1223 DNA as
the template. Finally, the top strand labeled O64 DNA was
purified from an agarose gel using the QIAquick gel extraction
kit (Qiagen). To label the bottom strand of O64 DNA with 32P,
the oligonucleotide 64R was end labeled with [γ-32P]ATP fol-
lowed by the PCR amplification ofO64DNAby Taq polymerase
using p1223 DNA as the template and the oligonucleotides 64F
and labeled 64R as primers. The resulting DNA fragment was
purified from an agarose gel by the samemethod as stated above.
DMS Protection Assay. To identify which guanine bases of

the operator DNA interact with CI, a DMS protection assay was
performed following Ramesh and Nagraja (26) with modifica-
tion. Briefly, ∼0.5 μM His-CI was incubated with 60 nM 32P-
labeled O64 DNA (∼5000 cpm) in 100 μL of phosphate buffer
for 20 min at room temperature followed by the treatment of
the repressor-operator complexes with 0.2% DMS for 2 min at
room temperature. After termination of the reaction with
DMS stop solution [1.5 M sodium acetate (pH 7.0) and 1 M
β-mercaptoethanol], DNA fragments were recovered by extrac-
tion of the reaction mixture with the phenol/chloroform mixture
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(1:1) followed by ethanol precipitation in the presence of glyco-
gen. The same labeled O64 DNA was also treated directly with
DMS as described above, in the absence of His-CI, and the
recoveredDNAwas used as a control. Finally, both experimental
and control DNA fragments were analyzed by urea-8% PAGE .
Hydroxyl Radical Footprinting. To detect which regions of

the operator DNA make contacts with CI, the hydroxyl radical
footprinting assay was performed using the method of Ramesh
andNagaraja (26) withminormodifications. Briefly, 0.5 μMHis-
CIwas incubated with 60 nM 32P-labeledO64DNA (∼5000 cpm)
in 88 μL of phosphate buffer for 20 min at room temperature

followed by the treatment of repressor-operator complexes with
4 μL each of 125 mMFe(II) ammonium sulfate/250 mMEDTA,
28 mM sodium ascorbate, and 0.84% H2O2. The reaction was
stopped after 2 min by addition of 10 μL of 100 mM thiourea.
The cleavedDNA fragments were purified and analyzed by urea-
8% PAGE along with a G-specific ladder, generated from the
identical labeledDNA fragments by the standard procedure (28).
L1 Repressor Concentration in Lysogens. To determine

the CI concentration in lysogens, cells harvested from 300 mL
of exponentially growing M. smegmatis mc2155 (L1) culture
(OD590=0.4) were resuspened in 8 mL of lysis buffer [50 mM

FIGURE 1: Analysis of different DNA footprints. Unless otherwise stated, all footprinting experiments were performed three or four times and
only representative data are presented here. (A) Autoradiograms of DMS protection footprints. O64 DNA, labeled on the top (Top) or bottom
(Bottom) strand, was incubated with (þ) or without (-) a saturating amount of CI followed by treatment of the reaction mixture with DMS as
described in Experimental Procedures. Asterisks and arrowheads indicate the hypermethylation sites and protected guanine bases, respectively.
(B) Autoradiograms of the hydroxyl radical footprints. Hydroxyl radical footprinting was performed according to the procedure described in
Experimental Procedures usingO64DNA, labeled on the top (Top) or bottom (Bottom) strand in the presence (þ) or absence (-) of His-CI. The
guanine (G)markerswere generated from the top or bottom strand labeledO64DNAby themethodofMaxamandGilbert (28). Black (b and b0),
gray (a and a0), andwhite (c) bars indicate the strongest, intermediate, andweakest protected regions, respectively. (C)Densitometric traces of the
hydroxyl radical footprints. Traces 1-4were generated by scanning lanes 1-4 from the top to bottomof the autoradigraphs in panel B. a, a0, b, b0,
and c bear the samemeaning as inpanel B. (D) Summary of the footprinting experiments. TheDNAsequence shows the 13bpO64operator region
(boxed) at the upstreamofL1 hlg1 (25). The bars (a, b, c, a0, and b0) on the top and bottomof the sequence indicate the hydroxyl radical-protected
regions. The color of each bar has the same meaning as in panel B. The protected guanine and hypermethylated bases detected in the DMS
footprinting are indicated as shown in panel A. The 50 bpDNA sequence was numbered from left to right. (E) Projection of the footprinting data
on the B-DNA helix of O64 DNA. The “G” bases that interact with His-CI are encircled or squared, whereas the hydroxyl radical-protected
regions on the perimeter are indicated by colorless spots. See the text for details.
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sodium phosphate buffer (pH 7.0), 200 mMNaCl, 1 mMEDTA,
5% glycerol, and 100 μg/mL PMSF] followed by the preparation
of the crude extract by appropriate sonication. After clarification
of the crude extract by centrifugation, ∼7.4 mL of soluble
fraction was collected and stored on ice until use. Similarly, a
soluble protein fraction was prepared from an M. smegmatis
mc2155 cell culture. The soluble protein fraction from induced
E. coli (pSAU1049) cells was also made using the method of
Ganguly et al. (10). After estimation of the protein content in
each fraction by the method of Bradford (24), aliquots from all
protein fractions were analyzed by SDS-13.5% PAGE along
with known amounts of His-CI. Separated protein bands were
transferred to a nitrocellulose membrane followed by the treat-
ment of the membrane sequentially with a 3% BSA, rabbit anti-
CI antibody, goat anti-rabbit antibody IgG1-AP (Santa Cruz
Biotechnology), and NBT-BCIP (Bangalore Genei) solution for
1-2 h at room temperature. Each incubation step was followed
by an adequate washing step. The intensity of each CI-specific
band was determined by densitometric scanning of the developed
membrane and used in calculating the CI concentration in L1
lysogens.

RESULTS AND DISCUSSION

Bases, Strands, and Grooves of the O64 DNA Helix
Interacting with L1 CI. Previously, DNase I footprinting
analysis demonstrated that the phage L5 repressor interacts with
∼25 bp of an L5 DNA fragment harboring a 13 bp asymmetric
operator (50-GGTGGCTGTCAAG-30) (20). We also reported
that L1 CI binds efficiently to 21 bp synthetic DNAs carrying the
operator sequence mentioned above (10). To determine whether
CI indeed binds to the 13 bp operator DNA, we have performed
the G base-specific DMS protection assay in the presence or
absence of a saturating amount of His-CI and 32P-labeled O64

DNA.As shown inFigure 1A, the intensities of four top strandG
bases and one bottom strand G base of O64 DNA are decreased
significantly in the presence of His-CI. These His-CI-protected
guanine bases correspond to 22G, 23G, 25G, and 29G (all in the
top strand) and 310G (in the bottom strand) (Figure 1D). All the
protected G bases are located in the 13 bp operator region,
confirming the interaction between CI and asymmetric operator
DNA. Notably, the intensities of some top strand G bases (4G,
8G, 18G, and 38G) are also increased in the presence of His-CI.
These bases possibly became more exposed due to the conforma-
tional change of operator DNA upon His-CI binding.

The N7 group of the guanine base, one of the targets of DMS-
mediated methylation, is exposed in the major groove of the
DNAhelix (2), further indicating that the interaction between the
CI and operator DNA may occur through this groove of the
operator DNA. Helical representation indeed suggests that 22G,
23G, 25G, and 310G (all encircled, Figure 1E) are distributed in
the two adjacent major grooves of O64 operator DNA. These
bases possibly contact CI from the front of the helix. Contrary to
what was described above, 29G (squared) may contact CI from
the back of the helix. The way the NTD contacts 29G is not clear
at present.

To understand the CI-O64DNA interaction in depth, we also
performed a hydroxyl radical footprinting experiment in the
presence or absence of a saturating amount of His-CI and 32P-
labeled O64 DNA (see Experimental Procedures for details).
Panels B and C of Figure 1 show the autoradiographs and the
corresponding densitometric traces of the hydroxyl radical

footprints, respectively. The data demonstrate that top and
bottom strands of O64 DNA harbor three (a, b, and c) and two
(a0 and b0) His-CI-protected regions, respectively. The protected
regions are 4-5 bp long and cover nearly 20 bp encompassing the
13 bp operator sequence (Figure 1C). While regions b and b0 are
strongly protected, regions a and a0 are moderately protected,
and region c is weakly protected under the conditions of the
experiment. The interaction between CI and O64 DNA is, there-
fore, asymmetric in nature. The data also suggest that an
additional 3 bp at both sides of the 13 bp O64 DNA might be
critical for repressor binding. Moreover, the centers of two
adjacent protected regions are 9-10 bp long, indicating that
one face of O64 DNA helix might be involved in the interaction
with CI (Figure 1D).
OperatorMutations Affecting the Binding of L1 CI. Our

DMS footprinting study (see above) reveals that five guanine
bases, distributed in the top and bottom strands of 13 bp O64

DNA, are critical for repressor recognition. Previous in vitro
studies showed that the L5 repressor (20) does not bind to the
operator DNA with a G25A or C31G change (Figure 2A).
Additionally, operator DNAs with T24A, G26C, and A33C
substitutions did not interact with L5 repressor. Interestingly,
operator DNAs with T24C, G26T/A, A27C, C31A, and G34A
substitutions showed binding with L5 repressor, indicating that

FIGURE 2: Effects of operator DNA mutations on CI binding.
(A) Operator DNA bases interacting with repressor. The data
reported previously by Hatfull and colleagues (20) and our results
presented in panel C (see below) are summarized here. Bases (larger
font) in one strand of 13 bp O64 DNA are shown and numbered
22-34 (to be consistent with the results presented in Figure 1).
Naturally occurring base changes (smaller font) in the operator
region that affect binding (Nonbinding) or do not affect binding
(Binding) of CI are shown. Mutated bases (gray) in the synthesized
operators (see panel B) are shown. (B) Synthetic DNA fragments
harboringwild-type (WT) ormutatedO64operators (M1 toM8). For
the sake of simplicity, 13 bases of only one strand are shown and
numbered as in panel A. Mutated bases in the operator regions are
boxed. (C) Autoradiogram of the gel shift assay performed with (þ)
and without (-) His-CI and the labeled DNA fragments mentioned
in panel B. The arrow denotes the His-CI-operator complex.
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the base pair changes at positions 24, 26, 27, 31, and 34 are partly
tolerable. To confirm whether bases at positions 22, 23, 25,
28-30, 32, and 33 in the 13 bp operator DNA are absolutely
critical for repressor binding, we performed gel shift assays using
different mutant operator DNAs [namely, M1-M8 (Figure 2B)]
and His-CI and compared the results with that performed in the
presence of wild-type O64 DNA. As evident from Figure 2C,
mutant operator DNAs with G22T, G23T, G25C, T28G, G29T,
T30C, A32T, and G34C substitutions did not show detectable
binding by His-CI (even after long exposure), indicating that the
base alternations described above are not tolerable for repressor
binding. The exact base pair specificity of L1 repressor in all but
one position of the 13 bp operator DNA is not known; however,
we noticed that eight of 13 repressor interacting bases are located
in the two adjacentmajor grooves of operatorDNA (Figure 1D).
Binding Stoichiometry. The CI concentrations that yielded

half-maximal binding of different L1 operator DNAs (i.e., Kd

values) range from ∼140 to ∼370 nM (10). In contrast, the Kd

values for His-CI-O64 DNA and MBP-CI-O64 DNA interac-
tions are∼250 (19) and∼315 nM, respectively (Figure S1B of the
Supporting Information). At∼200 nM, CI was shown to exist as
a mixture of monomers and dimers in solution (10), suggesting
that CI, like λ repressor (2), possibly binds to the cognate
operator DNA as a dimer. Interaction of His-CI with two
adjacent major grooves in the helical O64 DNA [as evident from
our footprinting analyses (see above)] tends to agree with the
hypothesis mentioned above. However, equilibrium binding data
of L1 repressor suggested that CI binds to the cognate operator
DNA as a monomer (10). To resolve the contradiction about the
repressor binding stoichiometry, we performed the glutaralde-
hyde-mediated cross-linking of His-CI in the presence of varying
concentrations of O64 DNA (Figure 3A). On the basis of results
with other repressor proteins (29, 30), dimerization of His-CI
would be induced by O64 DNA if the operator binding form of
this repressor is dimeric in nature. The intensity of dimericHis-CI
(∼50 kDa), however, remained nearly unaltered when His-CI

was incubated with O64 DNA prior to cross-linking, suggesting
that binding to O64 DNA does not involve the dimerization of
His-CI under the conditions used here.

As the chemical cross-linking experiment is relatively insensi-
tive, we conducted a gel shift assay using larger amounts of both
His-CI and O64 DNA. The concentration of operator DNA in
this assay was kept fixed nearly 12-fold above Kd to strongly
promote repressor binding. Under the stoichiometric conditions
mentioned above, almost all the operatorDNAwas shifted in the
presence of 3-4 μM His-CI (Figure 3B). The plot of binding of
His-CI to O64 DNA, generated using the data from three
independent gel shift assays, demonstrates that His-CI binding
reaches saturation when the ratio of His-CI to O64 DNA
concentrations is J1 (Figure 3C). Under similar experimental
conditions, many repressor proteins that bind to their cognate
operatorDNAs as dimers (2, 30, 31) show binding saturation at a
repressor to operator ratio of 2. Gel shift assay results, therefore,
support the chemical cross-linking data, and they together
suggest that the apparent binding stoichiometry is one CI
monomer per O64 DNA.

To confirm the results described above, we performed the
mixed oligomerization assay using end-labeled O64 DNA and
MBP-CI and/or His-CI (see Experimental Procedures). The
MBP-CI repressor carries 355 amino acid residues more at its
N-terminal end than does His-CI. As a result, the shifted band
(lane 9) formed by MBP-CI and O64 DNA exhibited a relatively
slower migration than the shifted band (lane 2) generated with
His-CI and O64 DNA (Figure 3D). In contrast, two types of
shifted bands appeared when different (pre-equilibrated) mix-
tures of MBP-CI and His-CI were incubated with O64 DNA
(lanes 3-8). Apparently, migrations of the bands mentioned
above resemble those of the shifted bands formed either byMBP-
CI and O64 DNA alone or by His-CI and O64 DNA alone. If a
repressor binds to the asymmetric operator DNA as a dimer or
higher oligomer, more than two shifted bands would appear in
the presence of bothMBP-CI andHis-CI. The additional band(s)

FIGURE 3: Binding stoichiometry. (A) SDS-PAGE analysis of glutaraldehyde (GCHO)-treated His-CI. Reaction mixtures containing a fixed
amount of His-CI and the indicated amounts of O64 DNA were treated with (þ) or without (-) 0.1% GCHO. Masses (kilodaltons) of marker
protein bands are shown at the right side of the gel. The asterisk denotes dimeric His-CI. (B) Gel shift assay with excess O64 DNA. The
autoradiogram shows the interaction between the indicated amounts of His-CI and the stoichiometric amount of O64 DNA (see Experimental
Procedures for details). The arrowhead indicates theHis-CI-O64DNAcomplex. (C) Plotof percentO64DNAboundvs [His-CI]/[O64DNA].The
fractions ofO64DNA bound by His-CI (in percent) were determined as described in Experimental Procedures. The error bars indicate standard
deviations of three independent experiments. (D) Mixed oligomerization assay. The assay was performed as described in Experimental
Procedures. The autoradiogram demonstrates the binding of the 32P-labeled O64 DNA with the indicated amounts of His-CI (lane 2), MBP-
CI (lane 9), and His-CI with MBP-CI (lanes 3-8). Lane 1 contained free O64 DNA. The arrowhead indicates MBP-CI or His-CI-O64 DNA
complexes.
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could have arisen by binding of the hybrid repressor dimers
[formed due to the random assortment between theMBP-CI and
His-CI monomers (Figure S1C)] to O64 DNA. Surprisingly, we
did not detect any additional band between the MBP-CI- and
His-CI-generated bands [even after long exposure of the film
(data not shown)], indicating that the species binding to O64

operator DNA is a repressor monomer.
Bending of O64 DNA. In numerous instances, operator

DNA bending induced by many phage repressors (32-34) has
been demonstrated to be critical for phage-specific gene expres-
sion. Our DMS protection experiment (see above) also hints at
possible L1 repressor-mediated bending of O64 DNA. To deter-
mine whether CI truly induces bending in the cognate operator
DNA, we performed a gel shift assay using His-CI and five DNA
fragments (119 bp each) carrying 13 bp O64 DNA at different
locations (Figure 4A). Figure 4B shows that DNA fragments
bound to the repressor migrated differently despite their identical
lengths (lanes 1-5). In contrast, migrations of free DNAs are
nearly identical, indicating that the sequences of these DNAs
produced very little intrinsic curvature. Maximum retardation
was observed with B2 DNA that harbors O64 approximately at

the middle of the fragment. An apparent bending angle, deter-
mined using the normalized shifts from three independent
experiments, was 30 ( 3.63�, suggesting that CI does cause
bending of O64 DNA. In addition, the apparent bending center
was found within the O64 DNA (Figure 4C). The CI-induced
bending noted above is relatively weak in comparison with the
bending observed with various other phage-specific
repressors (32-34). The λ phage-specific Int, a protein involved
in site-specific homologous recombination, however, feebly in-
duces bending in the cognate P1 site (35). The weak CI-induced
bending of O64 DNA, therefore, could be regulating the L1 gene
expression by a mechanism that is not clear at present.
In Vivo Concentration of L1 Repressor. L5 harbors 30

homologous CI-binding operator sites at various genome loca-
tions (9, 20). Being a minor variant of L5 (16, 18), the L1 genome
might also be composed of multiple operator sites, includingO64

and OL. If the hypothesis given above is true, a relatively high
level of CI needs to be synthesized for all these operator sites in an
L1 lysogen to be shut off. To see whether the intracellular CI level
is indeed very high, we performed Western blotting experiments
using the polyclonal anti-CI antibody, soluble protein extracts
from an L1 lysogen,M. smegmatis and E. coli expressing CI, and
varying amounts (2.5-20 ng) of His-CI (see Experimental
Procedures for details). As demonstrated in Figure 5, a protein
band was found in the soluble fraction of the L1 lysogen (lane 3)
that was absent in theM. smegmatis extract (lane 2). This protein
seems to be CI as its molecular mass matches that of CI (lane 1).
The anti-CI antibody also recognized His-CI (lanes 4-7) as
expected. Intensities of all repressor-specific protein bands were
determined by densitometric scanning. The plot of the intensity
of repressor-specific protein bands versus the amount of His-CI
(data not shown), which was generated using the scanned data
from two independent Western blot experiments, indicates that
the amount of CI is ∼2.9 ( 0.2 μg in 6 � 1010 mc2155 (L1) cells
used for making the protein extract. Considering a molecular
mass of 22000 Da for a CI monomer, each L1 lysogen was
calculated to possess nearly 1319( 83 repressormonomers for 30
operators (i.e., 44 ( 2.8 repressor monomers for repressing each
operator). Interestingly, a λ lysogen was also reported to synthe-
size ∼42 repressor monomers for each of six λ operator
DNAs (36).

The biological significance of the elevated level of the repressor
in an L1 lysogen is not known with certainty. Apart from
ensuring complete repression of the 30 operator DNAs, it may
influence dimerization of the repressor in an L1 lysogen. Re-
pressor dimers, once generated, may be used to regulate L1 gene
expression by binding to the asymmetric operator DNAs.

FIGURE 4: DNAbending study. (A)DNA fragments for the bending
experiment. All DNA fragments were PCR amplified using specific
primer pairs and p1223 DNA (see Experimental Procedures and
Table 1 for details). White rectangles in the DNA fragments denote
13 bpO64DNA.Distances (in base pairs) of the 13 bpO64DNAfrom
either the 50 or 30 end are shown. (B) Gel shift assay. The autoradio-
gram shows the binding between different 32P-labeled DNA frag-
ments andHis-CI.Lanes 1-5 containedHis-CI-operator complexes
(indicated by the arrowhead) formed with the B1, O64, and B2-B4
DNAs, respectively. F indicates free DNA. (C) Mobilities of the
His-CI-DNA complexes determined from the autoradiogram (see
Experimental Procedures for details) and plotted vs the distances (in
base pairs) of the 13 bp O64 operator in the DNA fragments
mentioned above.

FIGURE 5: Intracellular CI concentration. The CI level in the L1
lysogen was determined by Western analysis of different crude
extracts and indicated amounts of His-CI according to a standard
method (see Experimental Procedures for details). Ms Ext, Ms (L1)
Ext, andEcExt denote crude extracts fromM. smegmatismc2155, L1
lysogen, and E. coli (pSAU1049) cells, respectively. The arrow
indicates CI.
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Our previous gel filtration experiment (10) and the footprinting
studies conducted here (Figure 1) both support the hypothesis
given above; however, studies of the binding stoichiometry
(Figure 3) have contradicted it. The L1 repressor-operator
DNA complex, therefore, seems to attain a tertiary structure
that is distinct from those formed between the dimeric repressors
and cognate operator DNAs of the lambdoid phages (2). To the
best of our knowledge, the only repressor that exhibited a
footprinting pattern similar to that of the L1 repressor is
synthesized by temperate Bacillus subtilis phage Φ105 (7). In-
cidentally,Φ105 repressor also binds to an asymmetric operator
DNA, but its binding stoichiometry and intracellular level have
not been determined. The binding stoichiometry exhibited by the
L1 repressor, though not reported for any other repressor, is,
however, not unique. Several eukaryotic transcription factors like
NFAT (37), GATA-1 (38), and TTF-1 (39), and the T4 phage-
specific transcription factor, MotA (40), have shown binding to
their respective DNAs as monomers.

CONCLUSIONS

This investigation has provided valuable insights into the
tertiary structure of the L1 repressor-asymmetric operator com-
plex. In addition to several bases, two adjacent major grooves on
one face of the asymmetric operator DNA helix are crucial for
repressor binding. Unexpectedly, L1 repressor that induces weak
bending in the operator DNA exhibited binding as a monomer
even though the concentration of L1 repressor per operator was
found to be nearly the same as that of the λ phage system. The
architecture of the L1 repressor-operator complex, therefore,
seems to be structurally distinct from those of the lambdoid
phages.
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