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Summary
According
to our present understanding,
h repressor
bound to DNA stimulates
transcription
by touching
RNA polymerase
bound at an adjacent promoter. The
part of repressor required for activation was identified
in part by the isolation
of mutants specifically
impaired in transcriptional
activation. The amino acids
of repressor altered in these “positive control” mutants
lie in an acidic patch on the surface of repressor that
is closely apposed to RNA polymerase.
In this study,
we show that this bctivating
patch” of repressor is sufficient for transcriptional
activation
in another sequence context. We transfer this activating patch onto
the surface of h Cro, a protein normally unable to activate transcription,
and show that the modified Cro is
a transcriptional
activator. In addition, we provide evidence that the repressor protein of phage 434 also activates transcription
using an activating patch similar
to that of h repressor.
Introduction
The repressor of bacteriophage
h is both an activator and
a repressor of transcription. According to our current picture, repressor bound to the operator site OR2 stimulates
the rate of transcription initiation at the promoter PRM by
touching RNA polymerase bound at the promoter (for review see Ptashne, 1988). An important feature of the ‘activating patch” used by repressor to touch RNA polymerase is apparently the acidic character of the amino acids
that comprise it. Evidence for this view is provided in part
by analysis of mutant repressors that bind DNA but are unable to activate transcription: each of the amino acid substitutions in these “positive control” mutants makes the
protein less acidic in the region that most closely approaches RNA polymerase. A pseudorevertant
of one of
the positive control mutants, conversely, substitutes an
acidic residue for an uncharged residue in this same region (Guarente et al., 1982; Hochschild et al., 1983).
In this paper, we convert a negative regulator of transcription, h Cro, into an activator by modifying Cro so that
it bears an acidic patch like that of I repressor. Thus, in
at least two sequence contexts, the acidic activating patch
is necessary and sufficient for the activation function. We
also present experiments suggesting that a transcriptional activator closely related to h repressor, the repressor of phage 434, also uses an acidic activating patch to
stimulate transcription.

Turning L Cro into a Transcriptional
Activator
Designing
a Derivative of I. Cro Bearing
Ihe Activating
Patch of li Repressor
The amino acid residues changed in the positive control
mutants of k repressor lie on the surface composed of helix 2, the first helix of a helix-turn-helix DNA-binding motif,
and the turn between helices 2 and 3 (Pabo and Lewis,
1982; Hochschild et al., 1983). In h Cro, as in repressor,
the second and third a-helices comprise a helix-turn-helix
motif (Anderson et al., 1981), and inspection of molecular
models of repressor and Cro bound to DNA suggests that
the helix 2-3 units of each lie in nearly identical positions
on DNA (Hochschild and Ptashne, 1986). Therefore, the
two units are positioned to contact the same part of RNA
polymerase, and Cro might become an activator if this helix 2-3 unit was suitably modified (Figure 1).
We constructed a derivative of Cro, named Cro67, in
which four residues were replaced with the repressor
residues found in the analogous positions in the helix 2-3
unit (Figure 2). Three of these substitutions replaced Cro
residues with repressor residues inferred from the mutational studies to be necessary for the activation function;
the fourth substitution was required for DNA binding (see
Discussion).
In order to assay activation of PRM by Cro67 bound to
OA2, we needed to introduce several mutations into the
PRM-containing DNA template. Cro binds most tightly to
the operator site OR3 and thereby blocks binding of RNA
polymerase to PRM. We therefore introduced four mutations into OR3 to eliminate binding to this site (Figure 3;
see the Figure 3 legend for a review of the effects of Cro
and repressor binding to sites in the h right operator).
Equilibrium binding studies performed according to Johnson et al. (1978) showed that Cro67 did not bind detectably
to this quadruply mutant On3 (unpublished
data). Thi?
study also showed, to our surprise, that Cro67 was altered
in its specificity of binding: Cro67 bound to OR1 8-fold
more tightly than to OR2, while wild-type h Cro binds
equally tightly to 0~1 and 0~2. In order to facilitate assays of activation by Cro67, we introduced four base
changes into OR2 that make its sequence more like that
of 0~1 (Figure 3); Figure 4 shows that Cro67 bound to
0~1 and the modified OR2 equally tightly. None of these
operator changes altered -10 or -35 promoter sequences of PRM.
Assaying Cro67
Cro67 stimulated transcription 5fold in vitro when bound
to the modified OR2 site (Figures 4A and 48). DNA binding was examined by DNAase I footprinting experiments
performed under the conditions of the transcription reaction, and, as expected, OR1 and the modified OR2, but
not On3, were found to be occupied (Figure 4C). Promoter PR was repressed in each transcription
experiment, an expected effect of occupancy of OR1 and OR2
by Cro67. Wild-type Cro, in contrast, did not stimulate tran-
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(a) Lambda repressor
bound to DNA stimulates
transcription
from
PAM by apposing an acidic patch to RNA polymerase.
Lambda repressor is symbolized
by the two “dumb-belt”
shapes, and RNA polymerase
is as labeled. The acidic patch on the h repressor
surface is shown
stippled.
(b) Lambda Cro does not stimulate transcription
from PRM. Lambda
Cro is symbolized
by the two circles.
(c)Lambda
Cro bearing an acidic surface (Cro67) stimulates transcription from Pnu. The novel acidic surface added to Cro is stippled as
above, and RNA polymerase
is as labeled. In each picture, right operator DNA is symbolized
by the horizontal line. Lambda repressor, I. Cro.
and Cro67 are shown bound to the On2 operator site. Some general
features of binding of repressor
and Cro to sites in On are summarized in the legend to Figure 3.

scription detectably when bound to the modified On2
(Figure 5) or when bound to wild-type On2 (data not
shown). Transcription
initiated at the proper PnM start
site: we varied the length of the transcription template and
found that the length of the putative PnJnitiated
transcript varied as expected (data not shown).
Figure 6 shows that, as expected, Cro67 does not influence transcription from a 434 template. Concentrations
of Cro67 that stimulated transcription
from a h-derived
template did not affect transcription from 434 Pn or Pnu,
while 434 repressor increased transcription from 434 Pnu
and reduced transcription from 434 Pn.
We were unable to assay the stimulatory activity of
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The barrels symbolize
the two a-helices of the helix-mm-helix
motif.
Amino acids in helix 2 and the turn between helix 2 andhelix
3 are labeled (amino acids 16-26). The amino acids introduced
into ), Cro to
make Cro67 (Thrl7-Glu.
Lys21-Asp,
Asp22-Lys,
and TyrPB+Gly)
are enclosed in rectangles
and a diamond; note that all four substitutions correspond
to amino acids found in the analogous positions in
the helix 2-3 of wild-type A. repressor. The three residues enclosed in
rectangles
correspond
to residues in repressor
that are changed in
mutants specifically
impaired in transcriptional
activation.
In wild-type
Cro, the amino acids at these positions have been proposed to interact
with DNA (Ohlendorf
et al., 1982). The residue enclosed
in the diamond was found to be required for DNA binding of the hybrid Cro
derivative.

Cro67 in vivo apparently because of its low affinity for li
operators (Cro67 binds to On1 about 40-fold less tightly
than does wild-type Cro in DNAase I protection assays).
Cro67 conferred marginal immunity to superinfection by a
h cl- phage but was unable to repress a Pn-/acZ fusion
(unpublished
data).
434 Repressor Uses an Acidic Surface
to Activate Transcription
Designing
Positive Control Mutants
of 434 Repressor
Phage 434 also encodes a repressor that binds to a right
operator (434 On) that is organized
like h On. The
description of regulation by h repressor binding to h On
also describes regulation by 434 repressor binding to 434

by Cro67

In Vitro

The sequence
of 1 On is shown with Onl, 0~2, and On3 enclosed in brackets and the start sites of transcription
from Pn and PnM indicated by
large arrows. The base pair substitutions
introduced
in constructing
this template are indicated with thin arrows. The large X over On3 indicates
that the operator mutations
abolish binding of repressor
and Cro to this site. Binding of repressor
and Cro to I. On: b On contains three operator
sites, 0~1. 0~2, and 0~3, each of which can bind both repressor
and Cro. Repressor
binds most tightly to Onl, and repressor
bound to On1 helps
another repressor
bind to the adjacent lower affinity operator site On2. Repressor
bound to On1 and On2 blocks binding of RNA polymerase
to
the strong rightward promoter Pn and turns Pn off. Repressor
bound to On2 lies adjacent to PRM, and repressor
at On2 stimulates transcription
from
PRM. In the presence of higher concentrations
of repressor,
repressor
binds to On3 and turns off PAM. Cro binds most tightly to On3, and Cro bound
to On3 also turns off Pm,+ In the presence of higher concentrations
of Cro, Cro binds to On1 and On2 and turns off Pn. Wild-type
Cro bound to
On2 cannot stimulate transcription
from PAM (See Ptashne. 1986).
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Figure 4. Transcriptional
Activation
by Cro67
(A) Analysis of transcriptional
stimulation by Cro67 in vitro. The positions of transcripts
from Pn and Pnu are indicated with arrows. A 395
bp Rsal-Rsal
DNA fragment from pFB70 was used to monitor transcription from Pnu; a 250 bp Pvull-Hindlll
fragment from pFB69 was
used to monitor transcription
from Pa (it was necessary
to provide Pn
on a separate template because the mutations in On2 in pFB70 eliminate Pn promoter activity). Lanes: 1, no Cro67; 2, 0.2 mglml of Cro87;
3.0.29 mg/ml of Cro67; 4, 0.44 mg/ml of Cro67; 5, 0.66 mg/ml of Cro67;
and 6, 1.0 mglml of Cro67.
(B) Quantitation
of transcriptional
stimulation
by Cro67. Radioactive
transcripts
were cut out of gels, and Cherenkov
emissions
were measured. The figure shows the average of two experiments.
Concentrations of Cro67 are as indicated. A relative activity of 1.0 corresponds
to 1750 cpm for Pn and 850 cpm for Peu.
(C) Analysis of Cro67 binding to the modified On by DNAase I protection. The 305 bp EcoRI-Hinfl
fragment from pFB70 was used as substrate. The boundaries
of Oel, 0~2, and On3 are indicated
by
brackets. Lanes: 1, no Cro87; 2. 0.02 mglml of Cro67; 3, 0.04 mg/ml of
Cro67; 4, 0.07 mglml of Cro67; 5, 0.14 mg/ml of Cro67; 6, 0.29 mglml
of Cro67; 7, 0.57 mglml of Cro67; and 8, 1.1 mg/ml of 0067. On1 and
the modified On2 are l/z maximally
occupied
at about 0.29 mglml
Cro67; the quadruply
mutant On3 is not occupied at any concentration
of Cro67 used in this experiment.

On (Wharton et al., 1984; Bushman and Ptashne, 1986;
F. D. 6. and M. F?, unpublished data). Thus, for example,
434 repressor bound to 434 On2 stimulates transcription
from 434 PRM.
The results of two kinds of experiments, analogous to
experiments performed with h repressor, allow us to identify the part of 434 repressor that approaches RNA polymerase most closely when activating transcription. First,
chemical probe experiments using ethylnitrosourea
map
the relative positions of 434 repressor bound to 434 On2
and RNA polymerase bound to 434 PnM (Bushman et al.,
1985; Bushman and Ptashne, 1986). Second, the X-ray
structure of the DNA-binding domain of 434 repressor has
been solved as a complex with a 434 operator (Anderson
et al., 1984). The structure, taken with the chemical probe
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(A) Analysis of transcriptional
stimulation by wild-type Cro in vitro. The
positions of transcripts
from Pn and Pnu are indicated with arrows.
The transcription
templates are described
in the legend to Figure 3.
The higher molecular weight transcript
corresponds
in size to end-toend transcription
of the Pnu template. Lanes: 1, no 1, Cro; 2, 0.22
mg/ml of I Cro; 3, 0.33 mglml of 5 Cro; 4, 0.5 mg/ml of I Cro; 5, 0.75
mglml of 1 Cro; 6, 1.1 mglml of h Cro; and 7, 1.7 mg/ml of )i Cro.
(B) Quantitation
of transcriptional
control by ?. Cro. Transcription
was
quantitated as described
in the legend to Figure 4. The figure shows
the average of two experiments.
(C) Analysis of )i Cro binding to the modified On by DNAase I protection. The substrate used is described
in the legend to Figure 4. Lanes:
1, no h Cro; 2, 7 pg/ml of h Cro; 3, 14 nglml of 1 Cro; 4, 28 pglml of
k Cro; 5, 56 pglml of I Cro; and 6, 110 uglml of h Cro. The modified
0~2 is more than j/z maximally occupied
at the lowest concentration
of I Cro tested, OR1 is % maximally occupied
at 14 @ml, and the
mutant On3 is not occupied
at any concentration
of A Cro tested.
Different preparationsof
lCro were used in the experiments
presented
in parts (A) and (C).

experiments just cited, argues plausibly that the part of
repressor that approaches RNA polymerase most closely
is the solvent exposed surface of helix 2 and the turn
between helices 2 and 3. The portion of 434 repressor for
which the structure is known-the
DNA-binding domainis sufficient for maximal levels of transcriptional activation
(Bushman and Ptashne, 1986).
Figure 7 shows the positions of amino acid substitutions in the helix 2-3 unit of 434 repressor. A mutation that
makes the solvent exposed surface of helix 2 more acidic,
Gln22 changed to Glu (434RGln22+Glu),
was predicted
by analogy to h. to increase transcriptional
stimulation,
and a substitution that made 434 helix 2 more basic (434RGlulS+Lys) was predicted to impair stimulation. A mutation that made the turn between helix 2 and helix 3 more
basic was also predicted to impair activation. This mutant
(named 434R(a2Cro); Wharton, 1985) converts four 434
repressor residues into their counterparts
in 434 Cro
(Gln22+Thr,
Val24-Ala,
Thr26+Val,
and Thr27-Lys)
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Figure 7. Diagram of the Helix 2-3 Region of 434 Repressor
Showing
the Amino Acid Substitutions
That Alter Charges in the Positive Control
Mutants
Figure

6. Lack of Transcriptional
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of 434 PAM by 0067

Transcriptional
control of 434 promoters
in vitro was examined using
the 434 On-containing
Hindlll-Hindlll
DNA fragment from pFB20 as
template. Transcripts
from 434 Pn and PnM are indicated with arrows.
(A)Transcripts
synthesized
in the absence (-) and presence (+) of 0.58
mglml of Cro67.
(6) Transcripts
synthesized
in the absence (-) and presence (+) of 75
pglml of 434 repressor.

(434 Cro binds to 434 operators but does not activate transcription substantially; F. D. B. and M. l?, unpublished
data).
Analyzing
Positive Control Mutants
of 434 Repressor In Vivo
We tested transcriptional activation by 434 repressor and
mutant derivatives in vivo using a Pa,JacZ fusion to
monitor transcriptional
stimulation. In order to vary the
concentration of each repressor derivative in vivo, each
mutant 434 cl gene was recloned into a vector that
brought its expression under control of a derivative of the
/ac promoter. The amount of repressor could be varied in
cells containing lac repressor by growing cells in the presence of different concentrations
of IPTG (Maurer et al.,
1980; Meyer et al., 1980).
Figure 8 shows that, as predicted, a change that made
the solvent exposed surface of helix 2 more acidic
(434RGln22-Glu)
increased the level of f3-galactosidase.
while changes that make this region more basic (434RGlu

The barrels indicate the two a-helices. Amino acids in h&x 2 and the
turn between helices 2 and 3 (residues 17-27) are labeled. The amino
acid substitutions
in the positive control mutants that alter charges are
shown enclosed in rectangles.
Filled-in rectangle: an amino acid substitution that improves
transcriptional
activation (Gln22-Glu).
Open
rectangles:
amino acid substitutions
that impair transcriptional
activation (GlulS-Lys
and Thr27-Lys).
The latter protein was assayed in the
presence
of three other amino acid substitutions
(see Results).

19-Lys, 434R(a2Cro))
reduced the level of 8-galactosidase compared with the level measured in the presence
of wild-type 434 repressor. Note that 434RGlu19-Lys
and
434R(a2Cro) retain some ability to stimulate transcription;
we return to this point’?n the Discussion. As controls, we
tested two derivatives of 434 repressor (Koudelka et al.,
1988) bearing amino acid substitutions in parts of the
protein other than helix 2 and the turn between helix 2
and helix 3; we found that maximum levels of f3-galactosidase measured in experiments using these mutants
(Phe44+Ala, Trp58-Ser) were indistinguishable
from the
maximum levels obtained using wild-type repressor (data
not shown).
The observed greater stimulation with 434R(Gln22+
Glu) cannot be explained by assuming more efficient filling of the On2 site: DMS footprinting in vivo (Church and
Gilbert, 1984) shows that wild-type 434 repressor was
present in our experiments in concentrations sufficient to
fully occupy On2 (Figure 9).

Figure 8. Stimulation
Repressor
and Mutant

of 434 PnM by 434
Derivatives
In Vivo

434 PnM activity was monitored
by assaying
8-galactosidase
synthesized
in lysogens
of
hFB4. The 434 right operator carried on this fusion phage bears a mutation in On3 that impairs negative control of PRM. Cells were grown
in the presence of the indicated concentrations
of IPTG. The plasmids used to direct synthesis
of the indicated proteins are as follows. 434
repressor:
pFB24; 434R(Gln22-Glu):
pFB45;
434R(Glu19+Lys):
pFB28; and 434R(a2Cro):
pRW223 (Wharton,
1985).
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Figure 10. Stimulation
434R(a2Cro)

Figure

9. Binding

of 434 Repressor

to 434 On In Vivo

US3 containing
a h FB4 prophage (but no source of 434 repressor;
lane 1) or an Ximm434(Tomizawa)
prophage (lane 2) ware analyzed by
DMS protection in vivo. The positions of Onl, 0~2, and On3 are indicated by brackets. The dots indicate G residues where protection is
known to be diagnostic for binding of 434 repressor
from DMS protection experiments
performed in vitro (Wharton et al., 1964). The amount
of 434 repressor
synthesized
by the limm434(Tomizawa)
prophage is
sufficient to occupy On1 and 0~2; pFB24, the plasmid used to provide 434 repressor
in the regulation studies in viva (Figure 9) directs
the synthesis
of more 434 repressor
than does himm434(Tomizawa)
(unpublished
data).

Analyzing
Positive Control Mutants
of 434 Repressor In Vitro
Figure 1OA shows that 434R(a2Cro) activated transcription from PaM in vitro when bound to 0~2 fess well than
did wild-type repressor. A DNAase 1 protection experiment (Figure 106) confirmed that 434R(a2Cro) bound to
OR1 and On2, but not 0~3, at the same concentrations
required in the transcription assay to repress Pe and activate Par+ Pn was repressed efficiently in this experiment
by both proteins (data not shown), which is an expected
effect of occupancy of On1 and 0~2.
Discussion
Our experiments taken with previous work (Hochschild et
al., 1983) supports the view that a set of transcriptional
activators-the
repressors of phages h, 434, and P22-all
work by apposing an acidic patch to a single part of RNA
polymerase. In this work, we first show that h Cro, a transcriptional repressor, can be changed into an activator by
modifying Cro to bear an acidic activating patch. Evidently, an acidic patch is both necessary and sufficient for
activation in the context of both h repressor and Cro. Second, we present evidence that the 434 repressor also
uses an acidic patch to activate transcription.

of Transcription

In Vitro by 434 Repressor

and

(A) Stimulation
of transcription
from 434 PnM was measured
in vitro
using the On-containing
Hindlll-Hindlll
fragment from pFB20 as template. Transcripts
synthesized
were quantitated by counting Cherenkov
emissions in each transcript.
The figure shows the average of two experiments
434 Pn was repressed
more than E-fold at the highest
concentration
of each protein (data not shown). A relative amount of
1.0 corresponds
to 200 uglml of 434 repressor
and 300 uglml of 434
R(a-2Cro).
(8) Analysis of 434R(a2Cro)
binding to 434 On by DNAase I protection. The ~160 bp EcoRI-Hindlll
fragment from pFB20 was used as
substrate.
The boundaries
of 434 OnI. 0~2, and On3 are indicated
with brackets. Lanes: I,6 ug/ml of 434R(a2Cro);
2,16 uglml of 434R(aPCro); 3, 32 uglml of 434R(a2Cro);
4,63 uglml of 434R(a2Cro);
5, 125
uglml of 434R(a2Cro);
and 6, 250 uglml of 434R(a2Cro).

Why do the 434 repressor mutants impaired in activation still stimulate transcription somewhat, while analogous mutants in hand P22 repressors almost abolish activation completely? We believe that 434 repressor uses a
second mechanism to activate transcription that is not
used by h: 434 repressor, in addition to activating PeM by
touching RNA polymerase, also activates by relieving interference from RNA polymerase bound to the overlapping promoter Pn. Pn and PaM are closer together in 434
than in h; in fact, the -35 promoter sequences of 434 Pa
and PAM overlap (F. D. 6. and M. P, unpublished data).
We imagine that RNA polymerase bound to 434 Pn inhibits the binding of polymerase to PaM and that removing RNA polymerase from Pn therefore activates PnM
slightly. The results of three experiments are consistent
with this picture. First, 434 Cro bound to On2 activates
PnM at least e-fold in vivo and in vitro. Second, a deletion
mutant of Pa activates PRM e-fold in vivo. Third, high concentrations of RNA polymerase cannot substitute for 434
repressor in stimulating PnM to its maximum level in vitro
(unlike the results of the analogous experiment in the h
case) (F. D. B. and M. l?, unpublished data).
In constructing Cro87, we found to our surprise that, in
the presence of the three amino acid substitutions expected to be important for activation, a fourth amino acid substitution was required for binding to DNA in vivo. We speculate that the first three amino acid substitutions left the
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carboxyl terminus of helix 2 too electronegative for either
proper folding or DNA binding near the negatively charged
phosphate backbone. In order to neutralize some of the
negative charge, we substituted Asp22 with Lys, the residue found at this position in the carboxyl terminus of helix
2 of repressor; the quadruply mutant Cm derivative, Cro67,
bound specifically to I. operators as described.
Our experiment of converting Cro into a transcriptional
activator is formally analogous to experiments performed
in eukaryotic systems in which DNA binding domains
were converted into transcriptional
activators by the addition of novel amino acids (Ma and Ptashne, 1987). These
activating regions, like the prokaryotic activating patches,
are acidic and may lie on the surfaces of a-helices. One
difference between the eukaryotic and prokaryotic cases
is that, in the former, activating.surfaces
have been found
on domains that are readily separated from the domains
that bear the DNA binding function (Brent and Ptashne,
1985; Lech et al., 1988; Struhl, 1988). Whether these
prokaryotic and eukaryotic activating regions work in a
similar way remains to be seen.
Experimental

Procedures

Bacterial
Strains and Methods
Lysogens
were constructed
in US3 and determined
to be present in
single copy by the method of Meyer et al. (1960). An episome bearing
/a&’
was transferred
from NK7047
(P lacial
/acZ::Tn5
(/ran’)
proAB+/A/ac
pro XIII rpsE thi- WR) to US3 (Reed strepR Fe lacZ
At&f5265
his /a#)
by selecting
for resistanceto kanamycin
and
streptomycin
in spot matings (Miller, 1972). bgalactosidase
assays
were performed
according
to Miller (1972).
DNA Constructions
The J. cro derivative encoding Cro67 was constructed
in three steps.
First, a portion of cro was replaced with a complementary
pair of synthetic DNA fragments of sequences
S’CTTTGGGCAAGAAAAGACAGCTGAC-3’
and 5’-GATCGTCAGCTGTCTTTTCTTGCCCAAAGCG-3,
thereby changing
Thrl7 to Glu and Lys21 to Asp. After addition of a
S-PO4 using polynucleotide
kinase (as described
in Maniatis et al.,
1962) these fragments were hybridized
by heating to 7oOC for 3 min,
followed by slow cooling to room temperature,
and then ligated with two
DNA fragments
from pAHcro1 (Hochschild
et al., 1966): the ~150 bp
EcoRI-Hhal
fragment and the Bglll-EcoRI
origin-containing
fragment.
Plasmids with the proper structure (named pFB53) were identified by
restriction mapping and used to prepare single-stranded
DNA (Dente
et al., 1963). Asp22 was changed to Lys (Zoller and Smith, 1963) using
a primer
of sequence
YTACGCCGAG~_GTCACTGTCTTTTC-3’
(in this primer and those described
below, the mismatches
are underlined). Following isolation of the desired product (named pFB56) by
several
rounds
of differential
hybridization
screening,
Tyr26 was
changed
to Gly using a primer of sequence
5’-GATCGCGCTTTCAGTACGCCGAG-3’.
The desired mutants (named pFB64) were identified by differential
hybridization
screening
and found to confer marginal immunity to infection by J. KH54 phages in cross-streak
immunity
tests (Miller, 1972). The structure of one isolate was confirmed by DNA
sequencing
(Maxam and Gilbert, 1960). Expression
of the CID derivative encoded by pFB64 was placed under control of the tat promoter
by ligating the cm-containing
Hpall-Hindlll
restriction
fragment from
pFB64 into pEA300 cut with Clal and Hindlll (Amann et al., 1963). One
1 KHM-immune
derivative
with the expected structure
was named
pFB67
Three mutations were introduced
(Zoller and Smith, 1963) into h
OR3 (bearing the rl mutation) using single-stranded
DNA (Dente et
al., 1963) prepared
from the 1 On-containing
plasmid pAH9#19 (A.
Hochschild,
personal communication)
as template and a primer of sequence 5’TCCCTTGCAGQGTAGATTTAACG-3’
as mutagen. Plasmids
with the desired structure (named pFB69) were identified using differential hybridization screening,
restriction enzyme cleavage with Pvull (the

On3 mutations introduce
a novel Pvull restriction enzyme cleavage
site), and DNA sequencing.
Four mutations were introduced (Zoller and
Smith, 1963) into the On2 site of pFB69 using a primer of sequence 5’
GTAAAT~ATCACCGA~GTGLAA-3’.
Plasmids
with the desired
structure
(named pFB70) were identiCed by differential hybridization
screening,
restriction enzyme cleavage with Hincll (the On2 mutations
eliminate a Hincll cleavage site), and DNA sequencing.
434R(a2Cro)
(Wharton, 1965) was placed under control of the tat pro
moter by transferring
the ~250 bp EcoRI-Hindlll
fragment from pRW262
to pFtW266 (Whartdn,
1965) cleaved with EcoRl and Hindlll (to yield
pF&QG).
For studies of regulation by 434 repressor
in vivo, a vector was de
signed that directed the synthesis of only moderate amounts of 434
repressor. pRP42 (Lauer et al., 1961) was digested with Hpall and Bell,
the single-stranded
DNA fragment ends were made double-stranded
using the Klenow fragment of DNA polymerase
as described (Maniatis
et al., 1962) and the 750 bp Hpall-Bell fragment (containing the 434 cl
gene) was isolated by gel electmphoresis
and transferred
to Pvullcleaved pBR322 (Maniatis et al., 1962). The EcoRl and HindIll restriction
enzyme cleavage sites in pBR322 were then eliminated byreplacing
the
Pstl-BamHI
fragment
of pFBl6 with the Pstl-BamHI
fragment
of
pBRRI(-)H3(-)
(Wharton,
1965) to yield pFB24. These manipulations
replace the /ad/V5 -35 promoter region with vector sequences
and
thereby reduce the expression of 434 repressor compared with the starting plasmid, pRP42. pFB24 contains unique restritiion enzyme recognition sites for EcoRl and Hindlll within 434 cl, and thus mutations in this
part of 434 cl can be conveniently
transferred
into this vector.
Mutations of 434 repressor were constructed
(Zoller and Smith, 1963)
using single-stranded
DNA from pRWi69 (Wharton, 1965) as a template
for mutagenesis.
pRW169 is an pEMBL derivative (Dente et at., 1963)
containing the EwRI-Hindlll
fragment from 434 cl. Synthetic primers of
sequence
5GCAAGTTTAGCCTGG-3
and 5’-CACCTTTTCGGCCAGTT-3’ were used to mutagenize pRW189, and plasmids with the desired
sequences
(named pFB25 and pFB44, respectively)
were identified by
differential hybridization
screening and DNA sequencing.
The -250 bp
EcoRI-Hindlll
fragments from pFB25 and pFB44 were transferred
to
pFB24 to yield pFB26 and pFB45, respectively.
A bacteriophage
expressing
/acZ under control of 434 Pna was
constructed
as described
by Meyer et al. (1960). The 434 Oncontaining
Hindlll-Hindlll
restriction fragment from pFB20 (Bushman
and Ptashne,
1966) was isolated and ligated with DNA from 5132
cleaved at its single Hindlll site. The highly viscous ligation product
was packaged into phage heads in vitro as described (Maniatis et al.,
1962). and the resulting phages were used to infect US3 and US5
limmW(Meselson).
Phages in which /acZ expression
is controlled by
434 Pno were identified as strains that plated white on US3 and red
on US3kimm434(Meselson)
and were named 1FB4. The structures
of
these phages were confirmed
by restriction
mapping of phage DNA.
Protein Purification
Cro67 was purified from X90 cells containing pFB67 grown in LB plus
30 ug/ml of ampicillin to an ODsoo of about 1.0 and induced by making
cultures
1.6 x lO-4 M isopropyl-f3-D-thiogalactopyranoside
(IPTG).
Cro67 comprised
about 2% of total cellular protein after induction, as
judged by inspection
of Vesterburg-stained
Laemmli gels. After 6 hr,
cells were harvested
by centrifugation,
frozen, thawed, and lysed by
sonication
in 50 mM Tris (pH 7.9) 2 mM EDTA, 0.1 mM DTT, 1.0 mM
6-mercaptoethanol,
5%
glycerol,
200 mM KCI, and 1 mM
phenylmethylsulfonyl
fluoride (PMSF). After lysis, the KCI concentration was raised to A50 mM. and cellular debris was removed by centrifugation. The preparation
was diluted with Buffer C (10 mM Tris [pH
7.91, 0.1 mM EDTA, 0.1 mM dithiothreitol
[DTT], 5% glycerol) to a final
concentration
of KCI of 50 mM and batch absorbed to CM sephadex.
After several hours of gentle stirring, the resin was recovered
by filtration, scraped into a column, and Cro67 was eluted with Buffer C plus
1 M KCI. After this step, the predominant
band on a Laemmli gel had
a molecular weight of about 7000, the size of Cro67; in a control purification using the same procedure
but starting with X90 cells without
pFB67, no such band was observed.
After back extraction with ammonium sulfate, the Cro67 prep was estimated to be at least 90% pure.
434R(a2Cro)
was isolated from X90 cells bearing pFB46 using the
protocol devised for purifying 434 repressor
by Anderson et al. (1964).
The final protein preparation
was estimated to be at least 90% pure
by inspection
of Vesterburg-stained
Laemmli gels.

Turning
197

5 Cro into a Transcriptional

Activator

The activity of the protein preparations
used in this study were not
determined.
Comparison
with other studies of binding of )i Cro suggests that the 5 Cro preparations
used here were of relatively low
activity.
Transcription
In Vitro
Transcription
experiments
in vitro were performed
essentially
as described (Meyer et al., 1975; Bushman and Ptashne, 1986). Transcription assays were performed
in the buffers described
below.
DNAeee I Protection
Experiments
DNAase I protection
experiments
were performed
essentially
as described by Johnson et al. (1978). Protection assays, like the transcription assays, were performed
in 40 mM Tris (pH 7.9), IO mM MgCls, 5
mM DTT or 10 mM f%mercaptoethanol,
0.1 mM EDlA, 0.1 mglml of
BSA, and 200 mM KCI (7. experiments)
or 100 mM KCI (434 experiments).
Protection
experiments
on pFB70 DNA were performed
on the
roughly 300 bp EcoRI-Hinfl
restriction
fragment containing
I On labeled at the EcoRl site with Klenow fragment and ]u-szP]dATP
(Maniatis et al., 1982). Protection experiments
on pFB20 DNA were performed on the roughly 280 bp EcoRI-Hindlll
restriction
fragment
labeled at the EcoRl site as above.
DMS Protection
Aoeeys In Vivo
DMS protection assays in vivo were performed as described
by Church
and Gilbert (1984). US3 cells lysogenized
with 1 FB4 or limm434(Tomizawa) were treated with DMS, and high molecular
weight genomic
DNA was isolated as described
(Nick and Gilbert, 1985). After cleavage with EcoRI, cleavage at the positions of methylations
by heating
in piperidine, and genomic blotting, bands were visualized
by indirect
end-labeling
using a 5’-labeled oligonucleotide
of sequence
5’-ATAAGCCACCTCTGTTATTTACCCCCAATC-3’.
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