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ABSTRACT The Arc and Mnt repressors of phage P22 are
related proteins that bind to different operator DNA sites. By
creating a hybrid Arc-Mnt protein, we show that the binding
specificity of Mnt can be switched to that of Arc by replacing
six residues at the N terminus of Mnt with the corresponding
nine residues from Arc.

The Arc and Mnt repressors of bacteriophage P22 are small
transcriptional regulatory proteins that show 40% sequence
homology yet bind exclusively to different operator se-
quences (1-5). The three-dimensional structures of Arc and
Mnt are not known, nor are the mechanisms by which these
proteins bind to operator DNA. However, genetic and
biochemical studies of mutant proteins have suggested that
residues in the N-terminal regions of both proteins play
important roles in operator DNA recognition and binding
(6-8). The properties of an altered specificity mutant of
Mnt indicate that residue 6 makes a specific contact with the
mnt operator DNA (6, 7), whereas mutations at residues
2, 3,4, 5, 8, and 10 of Arc cause large decreases in arc
operator binding affinity without affecting the structure of
the folded protein (8). To evaluate the extent to which these
N-terminal residues serve as determinants of operator rec-
ognition, we have constructed a hybrid Arc-Mnt protein and
have studied its operator binding properties. Our studies
show that the binding specificity of Mnt can be switched to
that of Arc by exchange of a small block of N-terminal

residues.

MATERIALS AND METHODS

Strains, Plasmids, and Phages. All plasmids used in this
study were propagated in Escherichia coli strain X90 (ara™
Alac-pro nalA argEam rif® thi~; F'~ lac* lacI? pro*) (9).
Strain Y90 is a phage A lysogen of X90. E. coli strain UA2F
was used to assay for Arc activity in vivo (10). This strain
contains a Aimm21 prophage bearing a fusion of the Arc-
repressible P,, promoter to the gene for chloramphenicol
acetyl transferase (caf). Plasmid pTM201 is a phage M13-
origin plasmid that contains the wild-type mnt gene under
transcriptional control of the rac promoter (3). Plasmid
pTA200 is a related plasmid that contains the wild-type arc
gene under transcriptional control of the tac promoter (3).
ADA2? is a derivative of AKH54 (a cI™ phage), bearing the
imml region of phage P22 in the b2 region (11).

Construction of the Gene Encoding the Hybrid Protein. To
construct the gene for the Arc-Mnt hybrid protein, oligonu-
cleotide-directed mutagenesis was first used to introduce
unique Nco I and Sph I restriction sites into the N-terminal
coding region of the mnt gene of plasmid pTM201:
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fMet Ala Arg Asp Asp Pro His Phe Asn Phe Arg Met Pro
GC ATG GCT AGA GAT GAT CCG CAC TTT AAC TTC CGT ATG CCT.

i )
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Directed mutagenesis procedures and detailed methods for
oligonucleotide synthesis and purification are presented else-
where (12). Two mutagenic oligonucleotides, each 17 bases in
length and each carrying one of the single base changes
indicated above, were phosphorylated and hybridized to
pTM201 containing a single-stranded gap in the P,.-mnt
sequence, followed by extension with DNA polymerase I
large fragment and ligation using T4 DNA ligase. The
resulting plasmid, pTM201/NS3-3, was purified and digested
with Nco I and Sph 1, and the backbone was gel-purified.
Oligonucleotides for a double-stranded cassette (see below)
encoding the N-terminal 13 residues of Arc were synthesized
by using an Applied Biosystems 380B DNA synthesizer.

Met Lys Gly Met Ser Lys Met Pro Gln Phe Asn Leu Arg Met
C ATG AAA GGA ATG AGC AAA ATG CCG CAG TTC AAT TTG CGC ATG
TTT CCT TAC TCG TTT TAC GGC GTC AAG TTA AAC GC

The oligonucleotides (0.2 nmol each) were mixed in a buffer
containing 10 mM Tris (pH 7.5), 1 mM EDTA, and 100 mM
NaCl and were annealed by heating to 70°C for 15 min and
cooling successively at 37°C and room temperature for 15 min
each. Equal molar amounts of this double-stranded cassette
and the pTM201/NS3-3 backbone (0.2 pmol of each) were
mixed in a buffer containing 50 mM Tris (pH 7.5), 10 mM
MgCl,, 10 mM dithiothreitol, 1 mM spermidine, 1 mM ATP,
and 100 ug of bovine serum albumin per ml and were
incubated overnight at 16°C with 10 units of phage T4 DNA
ligase. Transformation into strain X90 gave rise to ampicillin-
resistant colonies containing the plasmid pTAMS-1, which
carries the gene encoding the Arc-Mnt hybrid protein. Four
of the 13 N-terminal residues of Arc (positions 8, 10, 11, and
13) are identical to the corresponding residues of Mnt when
the sequences are aligned as shown in Fig. 1. In addition,
hybrids bearing either Leu-12 (the Arc residue) or Phe-12 (the
Mnt residue) have extremely similar properties (not shown),
indicating that this substitution is functionally neutral. Thus,
the results in this work are discussed in terms of a hybrid
protein construct in which the N-terminal six residues of Mnt
have been replaced by the N-terminal nine residues of Arc.

Protein Purification. The Arc-Mnt hybrid protein was
purified from strain X90/pTAMS5-1 after induction of Pac
with isopropyl B-D-thiogalactopyranoside. The hybrid pro-
tein was produced at a level of =2-5% of the total cell protein.
Purification was performed essentially as described for the
wild-type Mnt protein (13) with the following modifications.
Crude lysate was dialyzed against a buffer containing 50 mM
Tris (pH 7.5), 0.1 mM EDTA, 5% (vol/vol) glycerol, 1.4 mM
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Mnt Ala-Arg-Asp-Asp-Pro-His- Mnt
5 9 53
Arc Met-Lys-Gly-Met-Ser-Lys-Met-Pro-Gin- Arc
. 5 9 . 85
Hybrid Met-Lys-Gly-Met-Ser-Lys-Met-Pro-GIn-{  Mnt

FiG. 1. N-terminal sequences of Mnt, Arc, and the hybrid protein. The hybrid protein was created by cassette mutagenesis as described.
This construction maintains the best sequence alignment between Arc and Mnt, which share 40% sequence homology.

2-mercaptoethanol, and 100 mM KCl and was loaded onto a
phosphocellulose column (1.5 X 2.5 cm) equilibrated in the
same buffer. The hybrid protein was eluted by using a
gradient of 100-750 mM KCl and was recovered in a volume
of 1.0 ml after precipitation with ammonium sulfate. Protein
was then loaded onto a Sephadex G-75 (fine) column (1.5 X
40 cm) equilibrated in the above buffer. After this step, the
hybrid protein was >95% pure as judged by sodium dodecyl
sulfate/polyacrylamide gel electrophoresis.

Operator DNA Fragments. End labeling of arc operator
DNA was performed after digestion of plasmids pAO100 or
plO101 with EcoRI. These plasmids contain the arc operator
sequence in opposite orientations (3). Operator DNA was
3'-end-labeled by end-filling with [a->?P]dATP, [«-32P]TTP,
and DNA polymerase I large fragment. Plasmid DNA was
then digested with EcoRV (pA0100) or HindIII (pI0101), and
the labeled fragment containing the arc operator was gel-
purified. Restriction fragments containing the mnt operator
were obtained from plasmid pMO100 or pIO101 (3), and
end-labeling was performed as with pA0100.

DNA Binding and Protection Assays. DNA binding was
monitored by using a gel mobility shift assay (14, 15).
Operator DNA was the 240-base-pair EcoRI/EcoRYV frag-
ment from pAO100 (arc) or pMO100 (mnt) (3). Nonoperator
DNA was the 750-bp Pst 1/EcaRI fragment from pBR322.
Reaction mixtures (50 ul) contained =300 cpm of end-labeled
operator DNA and the appropnate concentration of repres-
sor and were performed at 22°C in a buffer containing 50 mM
Tris (pH 7.5), 10 mM MgCl,, 0.1 mM EDTA, 150 mM KCl,
and 100 ug of bovine serum albumin per ml. After a 60-min
incubation, portions (20 ul) were electrophoresed on 5%
acrylamide gels (49:1 acrylamide/methylenebisacrylamide).
The amounts of bound and free operator fragment were
quantitated by scanning laser densitometry of autoradio-
grams with an LKB 2202 Ultroscan laser densitometer with
a 2220 recording integrator. Other details of the assay have
been described (4, 12).

Hydroxyl radical protection reactions (200 ul) contained
30,000 cpm of end-labeled operator DNA and were per-
formed as described (12, 16) in a buffer containing 10 mM Tris
(pH 7.5), 10 mM MgCl,, 0.1 mM EDTA, 150 mM KCl, 1 mM
CaCl,, and 2.5 ug of sonicated salmon sperm DNA and 100
ug of bovine serum albumin per ml. Reaction products were
electrophoresed at 1500 V for =~2.5 hr on an 8% acrylamide
gel (19:1, acrylamide/methylenebisacrylamide) containing
50% (wt/vol) urea and were autoradiographed for 30 hr at
—70°C (Kodak XAR-5 film with an intensifying screen).

Methylation protection reaction mixtures (200 ul) con-
tained ~15,000 cpm of end-labeled operator DNA and were
performed at 22°C in a buffer containing 50 mM sodium
cacodylate (pH 7.5), 10 mM MgCl,, 0.1 mM EDTA, 1 mM
dithiothreitol, 150 mM KCIl, 1 mM CaCl,, and 5 ug of
sonicated salmon sperm DNA and 250 ug of bovine serum
albumin per ml. Reaction products were electrophoresed and
autoradiographed as for the hydroxyl radical protection
experiments. Other details of the assay have been described
(12).

Activity in Vivo. To assay for Arc activity in vivo, strain
UAZ2F was transformed with plasmids encoding Arc, Mnt, or
the hybrid protein. The gene of each protein is under
transcriptional control of P,,., which is partially repressed by
the lacl? allele of strain UA2F. Strain UA2F is normally
resistant to kanamycin and also will be resistant to chloram-
phenicol unless it contains Arc or a protein with Arc activity
(10). Transformants were selected by growth on LB plates
containing ampicillin (100 #g/ml) and kanamycin (50 ug/ml)
and also on plates containing ampicillin (100 xg/ml), kan-
amycin (50 pg/ml), and chloramphenicol (100 ug/ml). The
ratio of the number of transformants surviving in the pres-
ence and absence of chloramphenicol was taken as a measure
of Arc activity.

To assay for Mnt activity in vivo, strain Y90 was trans-
formed with plasmids encoding Arc, Mnt, or the hybrid
protein. Transformants were picked, and overnight cultures
were grown in LB broth supplemented with 0.2% maltose. A
portion (0.1 ml) of each culture was diluted 1:1 with a buffer
containing 10 mM Tris-HCI (pH 8) and 10 mM MgCl,, and 10°
plaque-forming units of ADA2 were added and allowed to
adsorb for 10 min at 37°C. LB broth (0.8 ml) was then added,
and the culture was grown with aeration at 37°C. After 60
min, 0.1-ml portions were taken from each culture, diluted
into 1 ml of 10 mM Tris-HCI (pH 8)/10 mM MgCl,, and cells
were killed by addition of two drops of chloroform, followed
by mixing. The number of ADA2 phages in 0.005 ml of this
mixture was then determined by plating on strain X90.

RESULTS

Design of the Hybrid Protein. The design of the Arc-Mnt
hybrid protein was chosen because it included the Arc
residues that mutational studies had suggested were impor-
tant for operator binding (8) and because it maintained the
best sequence ahgnment between Arc and Mnt (2). This
protein contains the nine N-terminal residues-of Arc and the
76 C-terminal residues of Mnt (Fig. 1). The hybrid protein
was purified to 95% homogeneity, and its oligomeric state
was determined by gel filtration chromatography. In these
studies, the hybrid protein behaved like wild-type Mnt and
eluted at a position expected for a tetramer (data not shown).
Arc, by contrast, eluted as a dimer in gel filtration experi-
ments (13).

Operator Binding Specificity of the Hybrid Protein. To
compare the operator binding specificities of the Arc, Mnt,
and purified hybrid protein, we performed a series of gel
mobility shift assays using labeled DN A fragments containing
either the arc operator (Fig. 2 Upper) or the mnt operator
(Fig. 2 Lower). The striking result is that the hybrid protein,
which is composed mainly of Mnt residues, displayed the
binding specificity of Arc. The hybrid protein bound to the
arc operator (Fig. 2 Upper, lane 4) but not to the mnt operator
(Fig. 2 Lower, lane 4).

The affinities of these three proteins for the arc operator,
mnt operator, and nonoperator DNA were determined by
using gel mobility shift assays in which each protein was
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F1G. 2. Operator-binding specificity determined by using the gel
mobility shift assay. End-labeled DNA containing either the arc
operator (Upper) or mnt operator (Lower) was incubated in the
absence of protein (control) or in the presence of Arc (0.2 uM), Mnt
(0.5 nM), or hybrid protein (0.5 nM). The products of each reaction
were electrophoresed on a 5% acrylamide gel and visualized by

autoradiography.

titrated against a constant amount of labeled DNA. The
results of these studies are shown in Table 1. Both Arc and
the hybrid protein bound strongly to the arc operator,
whereas their binding to the mnt operator was no stronger
than to nonoperator DNA (Table 1). Mnt, by contrast, bound
strongly to the mnt operator and weakly to either the arc
operator or nonoperator DNA. These results suggest that the
information required for specific recognition of the arc
operator is contained in the N-terminal nine residues of Arc.
The hybrid protein actually showed stronger binding to the
arc operator than did wild-type Arc (Table 1). This may be
related in part to the different oligomeric states of the two
proteins. Mnt and presumably the hybrid bind to the operator
as preformed tetramers, whereas Arc must oligomerize
before it binds the operator (4, 5). In addition, residues at the
C terminus of Mnt contribute to high-affinity binding to the
mnt operator (see Discussion) and may contribute similarly to
the binding of the hybrid protein to the arc operator.

To compare the binding properties of the hybrid protein
and Arc in greater detail, we performed hydroxyl radical
protection experiments to probe contacts with the DNA
backbone and methylation protection experiments to probe
contacts in the major groove. Cleavage of DNA by hydroxyl
radicals occurs specifically at deoxyribose moieties. Protec-
tion against this cleavage will result if a bound protein is in
close proximity to the DNA backbone (16). In Fig. 3 we show

Table 1. DNA binding affinities of Mnt, Arc, and the
hybrid proteins

DNA Mnt Arc Hybrid
Operator
arc 10,000 100 2.5
mnt 1 10,000 5,000
Nonoperator 10,000 10,000 5,000

These values are the relative protein concentrations at which half
of the operator or nonoperator DNA is bound as determined by the
gel mobility shift assay. Values for Mnt and the hybrid protein
indicate concentrations of tetramer, whereas values for Arc indicate
protein monomer. A value of 1 = 20 pM.
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Fic. 3. Hydroxyl radical protection experiments. End-labeled
DNA containing the arc operator was incubated in the absence of
protein (control) or in the presence of Arc (0.1 uM) or hybrid protein
(1 nM). After reaction with hydroxyl radicals, DNA cleavage
products were recovered, electrophoresed on an 8% acrylamide
sequencing gel, and visualized by autoradiography. Identification of
the bands was determined by alignment with Maxam and Gilbert
sequencing controls (not shown).

hydroxyl radical cleavage of the arc operator in the presence
of Arc or the hybrid protein. These experiments and similar
ones in which the opposite strand was end-labeled showed
that Arc and the hybrid protein protect the same set of
deoxyribose positions in both the outer and central regions of
the arc operator sequence. This indicates that the DNA
binding regions of Arc and the Arc-Mnt hybrid protein
interact with the backbone of the arc operator in the same
manner. The backbone positions protected by both proteins
lie along one face of the operator helix modeled as B-form
DNA.

Methylation protection studies were performed by using a
DNA fragment that contains both the arc and mnt operators,
arranged tandemly as they are found in the phage P22
genome. Both Arc and the hybrid protein strongly protected
guanine-18 and failed to protect guanine-13 and -11 in the arc
operator (Fig. 4, lanes 3 and 4). As expected, neither protein
protected bases in the mnt operator. Within the arc operator,
the hybrid protein did not show the weak protection of
guanine-15 seen with Arc, and differences were also observed
at guanine-3 and -7 on the other strand (not shown). These
differences in methylation protection indicate that the local
major groove packing near certain guanine bases is somewhat
different for Arc and the hybrid protein. However, contacts
between Arc and the N-7 positions of these guanine bases
cannot be critical, as mutations at position three or premeth-
ylation of guanine-15 or guanine-7 cause only slight decreases
in Arc binding (3, 4). Because the hybrid protein bound to the
arc operator with high specificity, we infer that it must make
most if not all of the key recognition contacts with the
operator.

Operator Specificity of the Hybrid Protein in Vivo. The
results presented thus far show that Arc and the hybrid
protein bind specifically to the arc operator in vitro. Does this
specificity of operator recognition pertain in vivo? To answer
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Fi1G. 4. Methylation protection experiments. End-labeled DNA
containing adjacent arc and mnt operators was incubated in the
absence of protein (control) or in the presence of Mnt (40 nM), Arc
(400 nM), or hybrid protein (2 nM). After methylation and DNA
cleavage, products were electrophoresed on an 8% acrylamide
sequencing gel and visualized by autoradiography.

this question, we expressed Arc, Mnt, and the hybrid protein
from plasmids and assayed their activities in the cell. To
measure Arc activity, we used a strain in which Arc can
repress expression of the cat gene and thereby render the cell
sensitive to chloramphenicol (10). Such strains were chlor-
amphenicol-sensitive when they contained either Arc or the
hybrid protein (Fig. 5 Upper). Thus, the hybrid protein has
Arc activity in vivo. In the same assay, the strain containing
Mnt was chloramphenicol resistant. Hence, the hybrid pro-
tein behaved in vivo as expected on the basis of its binding to
the arc operator in vitro.

Mnt activity can be assayed in a phage A lysogen of E. coli
by the resistance of the cell to superinfection by ADA2, a
phage carrying the imml region of bacteriophage P22 (11). In
this assay, Mnt prevents the synthesis of P22 anti-repressor,
which, if expressed, inactivates the prophage repressor and
permits growth of the superinfecting phage (1, 17). Mnt
prevented growth of ADA2, whereas Arc and the hybrid
protein allowed the superinfecting phage to grow (Fig. 5
Lower). Thus, in this system Arc and the hybrid protein
behaved similarly in that neither showed the ability to
negatively regulate anti-repressor synthesis. Again, the op-
erator binding specificities observed for each of these pro-
teins in vitro also pertained in vivo.

DISCUSSION

We have shown that the operator-binding specificity of the
Mnt repressor can be changed to that of the Arc repressor by
simple exchange of a few N-terminal amino acids. Specifi-
cally, when the six N-terminal residues of Mnt are replaced
by the corresponding nine residues of Arc, the resulting
hybrid protein acquires the binding specificity of Arc. These
results show that residues in the N-terminal regions of both
Arc and Mnt are the primary determinants of operator-
binding specificity for these related repressors. That the
N-terminal residues of Arc can function in the context of a
hybrid protein composed mainly of Mnt residues further
suggests that Arc and Mnt present their DN A-binding regions
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FiG. 5. Operator-binding activities in vivo. (Upper) Ability of
Arc, Mnt, and the hybrid protein to confer chloramphenicol sensi-
tivity to strain UA2F. The ordinate represents the fraction of
transformants that survive in the presence of chloramphenicol at 100
ug/ml. Low survival values correspond to high Arc activity. (Lower)
Ability of the proteins to prevent lytic growth of ADA?2 in strain Y90.
The ordinate represents the number of progeny phage produced 60
min after infection. Low numbers of phage correspond to high Mnt
activity.

to their respective operators in the same basic manner. This,
in turn, indicates that the two proteins must have similar
tertiary and quaternary structures.

The arc and mnt operators show some homology (6 of 21
base pairs), but studies of mutant operators indicate that the
base pairs that are most important for the recognition of each
operator by its cognate repressor are not conserved (3, 18,
21). These functionally important base pairs are boxed in the
operator sequences below.

1 21
o ATAGGTAG TGGATGT
mnt T AT|C CIA|G G|T|G|CIC]AIC CITIGGJA C A
1 21

Oarc ATGATAGAAGCACCTAT

TACTIATCTITCGTGIAGATIGATA
Recognition of these bases probably occurs via major groove
interaction, as each of the N7 positions at the functionally
important guanine bases in the mnt operator is protected
against methylation by bound Mnt (5). Our results indicate
that the ability of each repressor to discriminate between
these two operators is determined entirely by residues at the
N terminus. We suggest, therefore, that this selectivity is
accomplished by the interaction of N-terminal residues of
Arc and Mnt with the functionally important base positions
in the major groove of their respective operators.

The altered specificity experiments of Youderian et al. (6)
originally suggested that His-6 of Mnt played a key role in
recognition of the mnt operator. They found that an Mnt
mutant bearing a His-6 — Pro substitution bound with
wild-type affinity to an mnt operator bearing symmetric
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operator mutations at base pairs 5 and 17. Moreover, the
strong binding of the Pro-6 mutant protein to the mutant
operator was dependent upon N-6-methylation at base pairs
5, 6,16, and 17 (7). As the N-6 position is in the major groove
of the DNA, this result provides additional evidence for
major-groove recognition of the operator at this site.

The finding that the N-terminal residues of Arc and Mnt are
critical determinants of operator binding specificity does not
mean that these residues are the only ones involved in
operator binding. First, the observed patterns of contact
between Arc or Mnt and their respective operators extend
over 65-70 A (4, 5), and it is not possible that all of these
contacts could be mediated by a few N-terminal residues.
There are undoubtedly other residues in the C-terminal
regions of Arc and Mnt that make contacts with the DNA and
thus contribute to the affinity of operator binding (8, 12). For
example, Lys-79 in Mnt appears to be a critical residue for
maintaining high-affinity operator binding (12). Second, the
N-terminal residues of Arc and Mnt almost certainly need to
be presented to their operators in the proper tertiary and
quaternary contexts. We know, for example, that mutations
throughout Arc are able to cause a repressor-defective
phenotype, apparently by destabilizing the protein (8). We
also have found that a synthetic peptide corresponding to the
13 N-terminal residues of Mnt shows no detectable operator
binding in vitro (J. Bowie, K.L.K., and C. Pabo, unpublished
results) and that a protein containing the N-terminal 13
residues of Arc fused to the C-terminal dimerization domain
of phage A repressor does not bind to the arc operator in vivo
(unpublished results).

The ability of Arc and Mnt to switch operator-binding
specificities as a consequence of exchange of only a few
amino acid residues is reminiscent of the results of Wharton
and Ptashne (19). They showed that the operator specificity
of the phage 434 repressor, a helix-turn-helix protein, could
be changed to that of the related P22 repressor by changing
4 residues in phage 434-repressor to the corresponding
residues from phage P22 repressor. Each of the four residue
changes altered side-chains in the ‘‘recognition’ a-helix of
phage 434 repressor. Moreover, the crystal structure of the
434 repressor-operator complex showed that two of the
altered side chains are directly involved in recognition of the
434 operator by the 434 repressor (20). In our studies, the
N-terminal regions of Arc and Mnt appear to play roles
analogous to the recognition a-helices of the 434 and P22
repressors. In the 434/P22 case, the identity of residues in the
recognition helix of 434 repressor determines the protein’s
ability to distinguish between the 434 and P22 operators. In
the Arc-Mnt case, the identity of N-terminal residues deter-
mines whether the arc or mnt operators will be recognized.
It is important to note, however, that the Arc and Mnt
repressors do not appear to be helix-turn-helix repressors (2,
8). In fact, NMR studies suggest that at least a portion of the
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N-terminal operator-binding region of Arc assumes an ex-
tended conformation in solution (M. Zagorsky and D. Patel,
personal communication).
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