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at the cooperativity interface
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The bacteriophage N\ repressor and its relatives bind cooperatively to adjacent as well as artificially separated
operator sites. This cooperativity is mediated by a protein—protein interaction between the DNA-bound
dimers. Here we use a genetic approach to identify two pairs of amino acids that interact at the dimer-dimer
interface. One of these pairs is nonconserved in the aligned sequences of the A and P22 repressors; we show
that a N repressor variant bearing the P22 residues at these two positions interacts specifically with the P22
repressor. The other pair consists of a conserved ion pair; we reverse the charges at these two positions and
demonstrate that, whereas the individual substitutions abolish the interaction of the DNA-bound dimers,
these changes in combination restore the interaction of both Acl and P22¢2 dimers.
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Transcriptional regulatory proteins that bind to DNA
participate in a variety of protein—protein interactions,
both strong and weak, to carry out their functions. They
interact with the transcription apparatus and also with
one another in homologous and heterologous combina-
tions. The strong interactions occur in solution prior to
DNA binding, whereas, under physiological conditions
at least, the weaker interactions result in the formation
of stable complexes only when the participants are ap-
propriately positioned on the DNA. Thus, DNA-binding
regulators that interact weakly with one another exhibit
cooperative binding to the DNA, with the result that
relatively modest changes in protein concentrations can
produce large changes in the fractional occupancy of the
relevant binding sites.

There are only a few cases in which the interactions of
cooperatively bound DNA-binding proteins have been
characterized in chemical or structural detail (e.g., see
Hughes et al. 1990; Somers and Phillips 1992; Raumann
et al. 1994). The bacteriophage A cl protein (the \ repres-
sor, or Acl) provides an example of cooperative binding to
DNA that has been well characterized biochemically
and genetically (for review, see Sauer et al. 1990; Hoch-
schild and Ptashne 1988; Beckett et al. 1993; Benson et
al. 1994; Burz and Ackers 1994; Whipple et al. 1994). \cl,
which functions as both a repressor and an activator of
transcription, is a two-domain protein that binds each of
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its operator sites as a dimer (Ptashne 1992). Pairs of
dimers can also interact, binding cooperatively to adja-
cent operator sites on the phage chromosome (Johnson et
al. 1979) and also to artificially separated operators
(Hochschild and Ptashne 1986). Figure 1A depicts the
arrangement of \cl molecules within the phage’s right
operator region (Og) in a A lysogen. A \cl dimer bound at
the high-affinity operator Okl interacts with a second
dimer, stabilizing its binding to the lower affinity site
Og2, and that dimer in turn interacts with RNA poly-
merase (RNAP) to activate transcription from promoter
Penm (for review, see Ptashne 1992). This pattern of site
occupancy simultaneously represses transcription from
promoter P (by promoter occlusion). The amino-termi-
nal domain (NTD) of \cl is the DNA-binding domain and
also contains the residues involved in activation (Pabo
and Lewis 1982; Guarente et al. 1982; Hochschild et al.
1983; Bushman et al. 1989), whereas the carboxy-termi-
nal domain (CTD) mediates both dimerization and coop-
erativity (Pabo et al. 1979), using distinct surfaces to do
so (see below).

The related lambdoid phage P22 also encodes a repres-
sor (P22c2) that binds cooperatively to adjacent and ar-
tificially separated operators (Poteete and Ptashne 1982;
Valenzuela and Ptashne 1989). Like \cl, P22c2 has two
domains, and the NTD mediates DNA binding whereas
the CTD mediates dimerization and cooperativity (Po-
teete and Ptashne 1982). Both Acl and P22c2 mutants
that are specifically defective for cooperativity have been
identified (Hochschild and Ptashne 1988; Valenzuela and
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Figure 1. (A) The arrangement of molecules at the right opera-
tor (Og) region of a A lysogen. Dimers of Acl protein (\ repressor)
bind cooperatively to the strong Og1 and the weaker Og2 op-
erator sites, repressing promoter Py and activating promoter
Prm- Activation is mediated specifically by the dimer bound at
Og2, which interacts with RNAP. (B) The identities of selected
amino acids in Acl and their counterparts in P22c2.

Ptashne 1989; Beckett et al. 1993; Benson et al. 1994;
Burz and Ackers 1994; Whipple et al. 1994); most of
these mutants, which bear amino acid substitutions in
the CTD, manifest no defects in dimerization. Although
\cl and P22¢2 exhibit considerable amino acid sequence
homology in their CTDs (Sauer et al. 1982), het-
erodimers do not form nor do the respective homodimers
interact with one another. Nevertheless, previous work
suggests that the two proteins use homologous surfaces
to mediate cooperativity. In particular, a number of con-
served residues have been identified that are apparently
critical for both Acl and P22c2 cooperativity (Valenzuela
and Ptashne 1989; Whipple et al. 1994). Furthermore, we
have shown previously that the replacement of six non-
conserved residues in Acl with their P22c2 counterparts
permits the resulting \cl variant to form dimers that
interact specifically with P22c2 dimers (Whipple et al.
1994).

Here, we test the hypothesis that the specificity of
these protein—protein interactions derives, at least in
part, from the interactions of specific pairs of amino ac-
ids at the dimer-dimer interface. We first identify a pair
of nonconserved residues whose side chains interact at
the dimer-dimer interfaces of both \cl and P22c2. This
pair comprises two of the six residues altered in the pre-
viously constructed switched specificity variant of \cl.
We show that the identity of this residue pair alone ac-
counts fully for the abilities of Acl and P22c2 dimers to
discriminate between one another. We then identify a
pair of conserved residues whose side chains interact at
both the Acl and the P22c2 dimer-dimer interfaces.
These residues are oppositely charged, forming an ion
pair. We construct both Acl and P22c2 mutants bearing
amino acid substitutions that reverse the charges at
these two positions. In each case, dimers bearing both
substitutions can interact, whereas dimers bearing either
one or the other cannot, indicating that the complemen-
tarity of these side chains is a critical determinant of the
dimer—dimer interaction.
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Results

Identification of a nonconserved pair of interacting
residues

To identify pairs of amino acids that interact at the \cl
dimer—dimer interface, we sought to isolate specific sup-
pressors of selected cooperativity mutants. We first fo-
cused on a nonconserved residue that had previously
been implicated in both \cl and P22c2 cooperativity, as-
paragine (N) 148 in Acl and the corresponding aspartic
acid (D) 131 in P22c2 (see Fig. 1B). Replacement of each
of these residues with its counterpart (i.e., A\cl N148D
and P22c2 D131N) weakens cooperativity (Valenzuela
and Ptashne 1989; Whipple et al. 1994). Furthermore, the
N148D replacement is necessary (but not sufficient) to
switch the specificity of Acl dimers so that they can in-
teract specifically with P22c2 dimers (Whipple et al.
1994). We sought to identify the interacting partner for
residue 148 by screening for a repressor mutant that
could interact efficiently with Acl mutant N148D (\cl-
N148D).

Our strategy utilized a hybrid repressor that bears the
DNA-binding domain of P22c2 and the CTD of \cl. This
hybrid repressor forms dimers that bind specifically to
P22 operators and can interact with a \cl dimer if the
latter is bound nearby on the same side of the DNA helix
(Whipple et al. 1994). The use of this hybrid repressor
permitted us to direct the binding of a preselected coop-
erativity mutant to a \ operator and potential suppressor
mutants to a P22 operator. To detect the interaction of
the DNA-bound repressors, we used a reporter system in
which the lacZYA operon is controlled by an artificial
promoter that is flanked by \ and P22 operator sites (Fig.
2). These operators are positioned such that transcription
of the linked lacZYA operon is repressed only if the
DNA-bound repressors interact (i.e., not by site occu-
pancy per se). Therefore, the assay can be done under
conditions of full site occupancy so that increased re-
pression cannot result from increased site occupancy,
but instead reflects a stronger interaction between the
DNA-bound dimers.

A strain harboring this reporter on an F’ episome pro-
duces red colonies on lactose tetrazolium indicator
plates when transformed with two compatible plasmids
that express wild-type Acl and the unmutated hybrid re-
pressor, respectively. Introduction of a cooperativity mu-
tation into the CTD of either repressor disrupts repres-
sion resulting in the formation of pink or white colonies.
Thus, we reasoned that compensatory mutations could
be identified because transformants containing mutant-
suppressor pairs would form red colonies. We therefore
mutagenized the CTD-encoding portion of a plasmid
that directs expression of the hybrid repressor and
screened for variants that resulted in the production of
red colonies when introduced into indicator strain cells
already containing the Acl-N148D mutant.

We isolated three hybrid repressor mutants on the ba-
sis of both colony color and quantitative B-galactosidase
assays. Two of them exhibited increased repression
when tested in combination with wild-type \cl; these
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Figure 2. Interactions of hybrid repressor derivatives with \cl
derivatives. Strain FW89B (which contains the depicted reporter
construct) was cotransformed with versions of plasmids pFW?7-
280A and pA3B2 that encode the hybrid repressor and \cl, re-
spectively. Each repressor protein bears either a wild-type Acl
CTD or a mutant derivative thereof, as listed. B-Galactosidase
activities of cultures grown in the presence of 300 um IPTG
were measured. Results are averages of duplicate assays, which
varied by less than 3% from the mean.

were not studied further. However, one of the mutants,
bearing the substitution glutamine 204 to arginine
(Q204R), specifically compensated for the defect of \cl-
N148D. When tested together with either wild-type Acl
or another arbitrarily chosen cooperativity mutant (\cl-
R196G; Whipple et al. 1994), it manifested decreased re-
pression (see Fig. 2).

The replacement of Q204 with a basic residue in the
suppressor mutant suggested that the presence of a pair
of oppositely charged residues at positions 148 and 204
can function in place of the pair of hydrophilic residues
present in wild-type Acl. Noting that the corresponding
positions in P22c2 also comprise a charged pair (aspartic
acid and lysine; see Fig. 1B), we constructed a hybrid
repressor variant bearing lysine at position 204 and
tested it together with Acl-N148D. Like the Q204R
change, the Q204K change decreased the ability of the
hybrid repressor to repress transcription in the presence
of wild-type \cl, but increased its ability to repress tran-
scription in the presence of A\cI-N148D (Fig. 2). In fact,
both mutant-suppressor pairs (the hybrid repressor bear-
ing either the Q204R or the Q204K change together with
\cl-N148D) repressed transcription as efficiently as the
unmodified parent proteins (cf. lines 6 and 9 with line 2),
suggesting that each pair interacted as strongly as the
parent proteins.

Then, we tested whether removal of the hydrophilic
side chain at position 204 would suffice to suppress the
defect of AcI-N148D. We found that introduction of an
alanine (A) at position 204 in the hybrid repressor did not

Amino acid contacts that mediate Acl cooperatively

significantly increase its ability to repress transcription
in the presence of A\cI-N148D (Fig. 2, cf. lines 3 and 11),
consistent with the hypothesis that a basic side chain at
position 204 is required to suppress the defect caused by
the introduction of an acidic side chain at position 148 in
\cl. Strikingly, the Q204A substitution did not decrease
the ability of the hybrid repressor to repress transcription
in the presence of wild-type \cl (Fig. 2, cf. lines 2 and 10).
This suggests that, in wild-type \cl, any interaction be-
tween the amide side chains of residues 148 and 204 does
not contribute in a significant way to the overall inter-
action energy of the cooperatively bound dimers (see
Discussion).

A Acl variant bearing substitutions at both positions
148 and 204

On the basis of the results of Figure 2, we predicted that
\cl dimers bearing both the N148D and the Q204K sub-
stitutions would interact as efficiently as wild-type \cl
dimers. Therefore, we constructed a \cl variant bearing
both of these substitutions and tested it using a reporter
system in which the lacZ gene is controlled by the \ Py,
promoter modified so that Ogz1 is centered either an in-
tegral or a nonintegral number of turns of the DNA helix
away from Og2 (either 5.9 or 5.5 turns; Fig. 3; Hochschild
and Ptashne 1988; Whipple et al. 1994). Ordinarily, a \cl
dimer bound at Ox2 activates transcription from Pgy,.
On the in-phase template, however, the interaction of
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Figure 3. Activation of Pg,, by wild-type and mutant \cl
dimers bound at nonadjacent operator sites. Strains AH-5.9 (in-
phase reporter) and AH-5.5 (out-of-phase reporter) were trans-
formed with derivatives of plasmid pA3B2 (A) or pLR2 (B) en-
coding wild-type or mutant derivatives of \cl. Fold activation
was determined by calculation of the ratio of B-galactosidase
activity observed in each case to that observed in cells trans-
formed with a control plasmid that lacks the \cl gene. B-Galac-
tosidase activities in the control cultures were between 1.6 and
2.5 Miller units in all cases. Results are averages of duplicate
assays, which varied by less than +6.5% from the mean.

GENES & DEVELOPMENT 2793



Whipple et al.

nonadjacently bound dimers inhibits this activation,
whereas on the out-of-phase template, the dimers do not
interact and, therefore, full stimulation is observed pro-
vided \cl is supplied at a concentration sufficient to en-
sure full occupancy of Og2 (the assay conditions used).

Figure 3A shows the results of B-galactosidase assays
performed to quantify the effects of the single and double
amino acid substitutions at positions 148 and 204 on the
abilities of Acl dimers to interact. Plasmids directing the
synthesis of each mutant were introduced into the in-
phase and the out-of-phase reporter strains. As we
showed previously, Acl dimers bearing the N148D sub-
stitution interacted more weakly than wild-type \cl
dimers (Whipple et al. 1994), and \cl dimers bearing the
Q204K substitution failed to interact. However, as ex-
pected on the basis of the results shown in Figure 2,
dimers bearing both substitutions behaved indistin-
guishably from wild-type dimers, as did dimers bearing
only the Q204A substitution. Dimers bearing the N148A
substitution exhibited a detectable, but relatively small
defect in their ability to interact.

Two amino acid substitutions suffice to permit Acl
dimers to interact specifically with P22c2 dimers

As mentioned above, the residues at positions 148 and
204 are among the six that were altered in the previously
constructed Acl variant that forms dimers able to inter-
act specifically with P22c2 dimers (Whipple et al. 1994).
This led us to ask whether the \cl variant bearing only
the N148D and the Q204K substitutions would interact
specifically with P22c2 dimers. To perform this test, we
used a pair of strains bearing a lacZ gene controlled by an
artificial promoter with a low-affinity P22 operator be-

Repressor Proteins

tween its —10 and -35 hexamers and a high-affinity \
operator located either an integral (5.0) or a nonintegral
(5.4) number of turns of the helix upstream (Fig. 4). The
binding of P22c2 to the low-affinity site represses lacZ
transcription, and cooperative binding to the in-phase
operators on the 5.0-turn template results in enhanced
occupancy of this site, and hence, enhanced repression
(Whipple et al. 1994). Therefore, in this case, the assay
conditions were chosen to permit P22c2 to occupy par-
tially the low-affinity P22 operator on the out-of-phase
reporter.

The experiment of Figure 4A shows that substitutions
N148D and Q204K suffice to confer on \cl dimers the
ability to interact with P22c2 dimers. In the presence of
P22c2 only, lacZ transcription in either the strain bear-
ing the in-phase or the out-of-phase reporter was re-
pressed approximately fivefold relative to the level mea-
sured in the absence of any repressor. This repression
was enhanced marginally when wild-type Acl was intro-
duced together with P22c2 in the in-phase reporter strain
only. However, when either the previously described
switched-specificity variant Aclv1-5;148 (Whipple et al.
1994) or the Acl-N148D;Q204K double mutant was in-
troduced together with P22c2, the magnitude of the re-
pression in the in-phase reporter strain was increased
substantially (to between 22- and 27-fold), indicating
that both of these Acl variants can interact efficiently
with wild-type P22c2.

To confirm that the AcI-N148D;Q204K double mutant
is a switched-specificity mutant and not simply relaxed
in its specificity, we also tested its ability to interact
with wild-type \cl (i.e., its CTD). To do this, we used the
same pair of reporter strains and replaced P22c2 with the
P22c2-\cl hybrid repressor used in the experiment of

Fold Repression

r \
in-phase reporter out-of-phase reporter
VN

Figure 4. Cooperative binding of Acl with ® = = N — = I !
P22c2 or with the P22c2-Acl hybrid repressor. G\'g’
Strains FW40 (in-phase reporter) and FW42 e
(out-of-phase reporter) were cotransformed - P22¢c2 5.0 52
with a plasmid encoding the listed \cl variant

L Acl wt P22c2 6.4 4.7
(pA3B2 or a derivative thereof) and a second oW
plasmid encoding either P22¢2 (A; pPR2) or the ~ AeIvi-5; 148 P22c2 27.4 5.3
P22c2-\cl hybrid repressor (B; pFW7-280A). B-  AcI N148D; Q204K P22c2 22.3 5.1

Galactosidase activities were measured, and
the degree of repression was calculated relative
to cultures of the same strains transformed
with a pair of control plasmids neither of
which encodes a repressor. All cultures were B

grown in medium containing 300 pm IPTG.

Results are averages of duplicate assays, which

varied by less than +8% from the mean. B-

Galactosidase activities in the absence of any -
repressor in strains FW40 and FW42 were 3487  )cI wt

and 2916 Miller units, respectively, in the ex- .
periment of A, and 3790 and 3971 Miller units, Aclvi-5; 148
respectively, in the experiment of B.

AcI N148D; Q204K

-

-35 -10 m@ -35 -10

Q0
hybrid 3.0 35
hybrid 24.3 3.9
hybrid 3.6 35
hybrid 5.3 3.0

2794 GENES & DEVELOPMENT



Figure 2. Whereas wild-type Acl was able to interact with
the hybrid repressor, both variants were unable to do so
(Fig. 4B).

The results presented so far strongly suggest that Acl
residues 148 and 204 approach each other at the dimer—
dimer interface. We first identified the substitutions
Q204R and Q204K as specific extragenic suppressors of
the cooperativity defect caused by the N148D substitu-
tion. Then, we showed that the dimer-dimer interaction
is not impaired when the wild-type amide side chains at
these two positions of \cl are replaced with oppositely
charged side chains, as are found at the corresponding
positions of P22c2. Finally, we showed that these two
changes are sufficient to confer on \cl dimers a switched
specificity such that they can interact specifically with
P22c2 dimers.

Identification of a conserved pair of interacting
residues

Next, we sought to identify amino acids conserved in A\cl
and P22c2 that interact at the dimer—-dimer interface. We
had suggested previously that D197 in \cl and the cor-
responding D179 in P22c2 play essential roles in coop-
erativity on the basis of the fact that replacement of each
of these aspartic acids with a glycine abolished coopera-
tivity (Whipple et al. 1994, see also Benson et al. 1994).
We hypothesized that the aspartic acid side chain might
participate in an electrostatic bond at the dimer-dimer
interface, and therefore, we sought a conserved basic
residue as a candidate partner for D197. Inspection of the
amino acid sequences of the two repressors revealed only
one conserved basic residue previously implicated in co-
operativity, K192 in Acl (corresponding to K174 in P22c2;
see Fig. 1B). Therefore, we tested whether residues K192
and D197 are partner residues that interact specifically
at the \cl dimer-dimer interface.

In this case, we used a recently developed method for
detecting the interaction of protein domains (Dove et al.
1997; Dove and Hochschild 1998). This system is based
on the observation that contact between any protein do-
main (Y) fused to a DNA-bound protein and a partner
domain (X) fused to a subunit of RNA polymerase
(RNAP) can activate transcription from an appropriately
engineered test promoter. In particular, the interaction
of a DNA-bound Acl dimer with the wild-type Acl CTD
fused to the a subunit of RNAP (hereafter referred to as
the wild-type a—cl chimera) activates transcription from
a modified lac promoter bearing a \ operator in its up-
stream region (see Fig. 5). This activation is abolished
when either \cl or the a—cl chimera bears an amino acid
substitution that normally disrupts cooperativity (Dove
et al. 1997). We first verified that variants bearing either
the substitution Q204K (introduced into \cl) or N148D
(introduced into the a—cl chimera) caused a reduction in
activation when tested with a wild-type partner, but re-
sulted in full activation when tested together (data not
shown).

To confirm that the side chains of both D197 and K192
are essential for the dimer—dimer interaction, we intro-
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Figure 5. Effects of alanine substitutions at positions 192 and
197 on interaction of Acl CTDs. Depicted above the graph is the
reporter construct present in strain KS1. Interaction between
the CTDs of the DNA-bound \cl dimer and the CTDs fused to
the o-NTD results in transcriptional activation from this re-
porter. The graph shows the results of B-galactosidase assays
performed on cultures of KS1 cells containing plasmids pAC\cl
and pBRa-cl (O), pACXcl and pBRa-cl-D197A (V), or pACXcl-
K192A and pBRa—cl (®) grown in medium containing IPTG at
concentrations of 0, 5, and 20 pm. Graph labels list the \cl allele
first and the a—cl allele second. Previous experiments with this
system have shown that maximum B-galactosidase values are
achieved at IPTG concentrations between 10 and 20 pm (Dove
et al. 1997). Control experiments indicate that, at these IPTG
concentrations, the \ operator is saturated and the fraction of
RNAP molecules containing the a—cl chimera approaches a
maximum (S.L. Dove and A. Hochschild, unpubl.).

duced alanine residues at positions 192 (in \cl) and 197
(in the a—cl chimera) and measured B-galactosidase ac-
tivities in reporter strain cells bearing compatible plas-
mids that direct the expression of Acl and the a—cl chi-
mera under the control of IPTG-inducible promoters. As
expected, neither alanine-substituted variant was able to
interact with a wild-type partner molecule (Fig. 5).

Then we sought to obtain evidence that the side
chains of K192 and D197 interact directly at the dimer-
dimer interface by identifying mutant-suppressor pairs.
We first tried exchanging the amino acids at these posi-
tions. That is, we replaced K192 with asparatic acid in
the Acl molecule and D197 with lysine in the a—cl chi-
mera. Whereas neither substituted variant interacted
with a wild-type partner, the two mutants interacted
with one another, resulting in a partial restoration of
transcriptional activation (Fig. 6A).

Seeking to identify a more strongly interacting mu-
tant-suppressor pair, we assayed another combination of
amino acids at these two positions, again reversing the
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Figure 6. Effects of substitutions at positions 192 and 197 on
interaction of Acl CTDs. Strain KS1 was cotransformed with a
derivative of plasmid pACAcl encoding \cl with the wild-type or
a mutant amino acid at position 192 and a derivative of plasmid
pBRa—cl encoding the a—cl chimera with the wild-type or a mu-
tant amino acid at position 197. For the experiment in C, the
a—cl chimeras tested bore a mutant residue at position 197 and
either the wild-type or a mutant residue at position 196. Graph
labels list the \cl first and the a—cl allele second. B-Galactosi-
dase activities were measured in cultures grown in the presence
of 0, 1, 5, 10, and 20 um IPTG. Each panel presents results of an
individual representative experiment. Similar experiments per-
formed on separate days yielded the same relative patterns of
activation.

charges of the wild-type residues. Comparison of Figure
6, A and B, shows that the mutants Acl-K192E and o-—
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cl-D197R interacted more strongly than did \cl-K192D
and a—cl-D197K, resulting in a level of transcriptional
activation approaching that observed with wild-type \cl
and the wild-type a—cl chimera. Again, neither mutant
interacted with a wild-type partner protein.

To test the specific requirement for an oppositely
charged residue to suppress the defects caused by the
K192E and D197R changes, we tested each charge rever-
sal mutant in combination with a partner molecule bear-
ing an alanine substitution. As expected, \cI-K192A and
a—cl-D197R did not interact with each other (Fig. 6B).
Unexpectedly, however, A\cI-K192E and a—cl-D197A did
interact; in fact A\cl-K192E activated transcription as ef-
ficiently when tested with a—cl-D197A as with a—cl-
D197R (Fig. 6C). Noting the presence of a basic residue
(R196) adjacent to residue 197 (see Fig. 1B), we consid-
ered the possibility that the mutant glutamic acid resi-
due at position 192 might interact productively with a
basic residue located either at position 197 or, if the
acidic side chain of residue 197 is removed, at position
196.

We tested this idea by removing the basic side chain at
position 196 of the a—cl chimera. We introduced the pre-
viously characterized cooperativity mutation R196M
(Whipple et al. 1994) into a—cl chimeras bearing either
the D197R or the D197A substitution and tested the
ability of A\clI-K192E to interact with the resulting double
mutants. The R196M substitution weakened the inter-
action in both cases (Fig. 6C), as expected on the basis of
the fact that it causes a moderate cooperativity defect
when introduced into an otherwise wild-type Acl mol-
ecule. However, this substitution had a more severe ef-
fect in the context of the alanine residue at position 197,
as would be expected if, in the absence of a charged resi-
due at position 197, the basic side chain of residue 196
paired with the acidic side chain at position 192 in the
ACI-K192E mutant.

We performed additional tests to verify that the acti-
vation observed with the K192E-D197R and K192E-
D197A mutant combinations could not be achieved by
the introduction of non-native acidic or basic residues at
arbitrary positions on the cooperativity interface. Spe-
cifically, cooperativity mutant \cI-G199D (Whipple et
al. 1994) could not substitute for A\cI-K192E when tested
with a-cl chimeras bearing either the D197R or the
D197A substitution. Similarly, a chimera bearing the
substitution E188K (Benson et al. 1994; Whipple et al.
1994) could not substitute for a—cl-D197R when tested
with Acl-K192E. In each of these three tests, the level of
lacZ expression was <10% of that observed in the wild
type-wild type case (data not shown).

A Acl variant bearing substitutions at both positions
197 and 192

The proposal that residues 192 and 197 interact at the
dimer—dimer interface, and, in particular, that a mutant
glutamic acid residue at position 192 can interact with a
mutant arginine residue at position 197 suggests that a
double mutant bearing both the K192E and the D197R



substitutions should bind cooperatively to pairs of A op-
erator sites. To test this prediction, we compared the
abilities of Acl mutants bearing either one or both of
these substitutions to interact when bound at nonadja-
cent operators using the Pg\,—lacZ reporter system de-
scribed above (see Fig. 3). Figure 3B shows that, whereas
dimers of each single mutant (either K192E or D197R)
were unable to interact when bound at nonadjacent op-
erator sites, dimers of the double mutant interacted rela-
tively efficiently, as reflected in the inhibition of tran-
scriptional activation in the in-phase reporter strain.

P22c2 mutants bearing substitutions at the positions
corresponding to Acl positions 197 and 192

We sought to determine whether the P22c2 residues cor-
responding to Acl residues K192 and D197 interact at the
P22c2 dimer-dimer interface. To do this, we constructed
P22c2 mutants bearing either the amino acid substitu-
tion corresponding to K192E (K174E) or that correspond-
ing to D197R (D179R), or both changes. We tested the
abilities of these P22c2 mutants to interact when bound
at nonadjacent P22 operators using a previously de-
scribed reporter system similar to the one depicted in
Figure 4 (Valenzuela and Ptashne 1989). In this system,
the test strains bear a lacZ gene controlled by an artifi-
cial promoter with the low-affinity P22 operator be-
tween its —10 and -35 hexamers with or without a high-
affinity P22 operator located an integral (5.0) number of
turns of the DNA helix upstream (see Fig. 7).

The results shown in Figure 7 indicate that the P22c2
double mutant K174E;D179R formed dimers that inter-
acted at least as efficiently as the wild-type dimers. The
data show first that wild-type P22c2 manifests enhanced
repression in the strain bearing the two-site template
relative to the strain bearing the single-site template, as
demonstrated previously (Valenzuela and Ptashne 1989).

Fold Repression
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In contrast, the single mutants behaved indistinguish-
ably in the two strains, indicating that dimers of each
single mutant are unable to interact when bound at non-
adjacent operators. Finally, the double mutant mani-
fested greatly enhanced repression in the strain bearing
the two-site template, the double mutant dimers appar-
ently interacting even more strongly than the wild-type
dimers (see Fig. 7, legend). We also tested the effects of
replacing either D179 or K174 with an alanine residue.
Each of the resulting P22c2 mutants behaved indistin-
guishably in the two strains, indicating that, as for \cl,
removal of the wild-type side chains at either of these
two positions abolishes the dimer—dimer interaction.

Discussion

We have identified two pairs of amino acids that interact
at the dimer-dimer interface of cooperatively bound
dimers of both Acl and P22c2. One of these pairs involves
amino acid residues that are conserved at the corre-
sponding positions of \cl and P22c2. These residues,
K192 and D197 in \cl, are oppositely charged and evi-
dently form a salt bridge. The other pair involves non-
conserved amino acids that are hydrophilic in Acl (N148
and Q204) and oppositely charged in P22c2 (D131 and
K186). We have shown that a Acl mutant bearing the
P22c2 residues at both of these positions (148 and 204)
interacts specifically with wild-type P22c2, indicating
that these nonconserved residues are the critical speci-
ficity determinants that preclude interaction between
wild-type Acl and P22c2 dimers.

The role of specific amino acid—-amino acid
interactions at the dimer-dimer interface

In the case of the conserved ion pair (D197 and K192),

single-site reporter

VN
35 10 35 10

low affinity high affinity
corresponding
Acl residue

p22G2 numbers

wild type - 32.6
K174E 192 21.5
D179R 197 247
K174E; D179R 192; 197 23.3
K174A 192 21.4
D179A 197 19.8

two-site reporter

Figure 7. Cooperative binding of wild-
type and mutant variants of P22c2. Strains
DV59 (single-site reporter) and DV72 (two-
site reporter) were transformed with wild-
type or mutant versions of plasmid pPR4

encoding P22c2. Fold repression was deter-
mined by calculation of the ratio of B-ga-

low affinity N o .

lactosidase activity observed in each case

to that observed in cells transformed with

the control plasmid that lacks the P22c2

gene (4404 and 4231 Miller units in strains

DV59 and DV72, respectively). All cultures

409.7 were grown in medium containing 10 pm
21.5 IPTG. Results are averages of duplicate as-
26.5 says that varied by less than £3% from the
479.2 mean. Repression levels are higher than
216 those of Figure 4A because pPR4 (which re-

sembles the plasmid used in the initial
25.5 characterization of this system; Valenzuela
and Ptashne 1989) directs expression of

high levels of P22c2. Note that all of the mutant proteins repressed transcription somewhat less efficiently than the wild-type protein
in the single-site reporter strain, reflecting a corresponding decrease in the fractional occupancy of the P22 operator on this reporter
template. The double mutant, however, repressed transcription slightly more efficiently than the wild-type protein in the two-site
reporter strain (a difference that was reproducible). Therefore, we conclude that the double mutant dimers interact at least as efficiently

as the wild-type dimers.
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individual alanine replacements (i.e., replacement of ei-
ther charged side chain with a methyl group) essentially
abolished the dimer-dimer interaction for both Acl and
P22c2 within the detection limits of our in vivo assays.
Although such results are often taken as evidence that
the deleted side chain participates in an energetically
important interaction at the protein—protein interface,
these individual alanine replacements have at least two
potential effects: (1) any energetically favorable interac-
tion of the wild-type side chain involving atoms beyond
the B carbon is eliminated, and (2) the presence of an
unpaired partner residue (here bearing a charged side
chain) at the protein—protein interface may destabilize
the complex. We have attempted to separate these two
potential effects by replacing both of the interacting resi-
dues with alanines. We found that activation in the pres-
ence of the two alanine-substituted variants (\cI-K192A
and a—cl-D197A) was roughly half that observed with
the wild type-wild type combination (F. Whipple and A.
Hochschild, unpubl.), suggesting that both of these ef-
fects are involved. Irrespective of any energetic contri-
bution to the dimer-dimer complex, the presence of
charged residues K192 and D197 at the interface is likely
to help prevent formation of nonspecific complexes with
unrelated proteins as a result of the energetic cost of
burying unpaired charges at a protein—protein interface
(Fersht 1977).

In the case of nonconserved residues N148 and Q204,
our data suggest that interaction of the amide side chains
in wild-type \cl is not energetically significant. Specifi-
cally, we found that although the N148D and Q204K
substitutions each resulted in a cooperativity defect, re-
placement of either residue with an alanine (i.e., removal
of either amide side chain) was tolerated with little or no
loss in interaction energy. Thus, relative to the wild-type
amide pair, the juxtaposition of an amide side chain with
a charged side chain is disfavored, but the juxtaposition
of an amide side chain with a methyl group is energeti-
cally neutral.

We do not know how many energetically significant
amino acid-amino acid interactions occur at the dimer—
dimer interface. Although mutations that result in coop-
erativity defects have been identified at at least sixteen
positions in \cl (Hochschild and Ptashne 1988; Beckett
et al. 1993; Benson et al. 1994; Burz and Ackers 1994;
Whipple et al. 1994), the defects in many cases are likely
attributable entirely to the disruptive presence of a mu-
tant side chain. For example, charge reversal mutations
at a conserved position (E188K in \cl and E170K in
P22c2) result in large cooperativity defects (Valenzuela
and Ptashne 1989; Benson et al. 1994; Burz and Ackers
1994; Whipple et al. 1994), but a mutation that simply
removes this side chain (E188G in \cl) actually enhances
cooperativity slightly (F. Whipple and A. Hochschild, un-
publ.). As a second example, the Acl mutation G199D
(Whipple et al. 1994), which introduces a new acidic side
chain, results in a severe cooperativity defect. However,
other mutations at this position result in a much weaker
defect (G199S; Whipple et al. 1994) or no defect at all
(G199R; N. Kuldell and A. Hochschild, unpubl.). Two
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aromatic residues have been implicated in cooperativity
(F202 and Y210 in Acl; Benson et al. 1994; Burz and Ack-
ers 1994; Whipple et al. 1994), but it is not known
whether their side chains make contacts at the dimer-
dimer interface. In addition to specific side chain-side
chain interactions, interactions involving the polypep-
tide backbone might also be energetically significant.

A structural model

Although the structure of the Acl CTD is not yet known,
the structure of a related Escherichia coli protein,
UmuD’, has been determined recently by X-ray crystal-
lography (Peat et al. 1996). UmuD’, which is involved in
the cell’s SOS response to DNA damage, is initially syn-
thesized as a larger precursor (UmuD). This precursor
undergoes an autocleavage reaction to generate the ac-
tive product, which corresponds to the CTDs of Acl and
its relatives (Perry et al. 1985). This autocleavage reac-
tion is a conserved feature within this family of proteins
and depends on an activated form of the bacterial RecA
protein, which is generated on exposure of the cell to
DNA-damaging agents (for review, see Little 1993). In
the case of the phage repressors, the corresponding auto-
cleavage reaction separates the NTD from the CTD and
results in prophage induction (for review, see Roberts
and Devoret 1983).

The structure of UmuD’ consists of seven B strands
preceded by a short helical segment. NMR studies of
UmuD’ dimers in solution suggest that the monomers
within the dimer interact as shown in the space filling
model of Figure 8 (Ferentz et al. 1997). In this stereo
diagram, the residues corresponding to \cl residue pairs
N148-Q204 and K192-D197 (UmuD residues D59-1108
and K97-R102, dark blue and purple, respectively) are
visible on the surface of the dimer. On the right-hand
monomer, which is green in Figure 8, residues corre-
sponding to Acl-Q204 and -D197 are visible, whereas
residues corresponding to Acl-N148 and -K192 are ex-
posed on the back and hence not visible in this view.
Conversely, on the left-hand monomer (pale blue), which
is related to its partner by a vertical twofold axis in the
plane of the page, residues corresponding to \cl-N148
and —-K192 are visible on the front side and residues cor-
responding to \cl-Q204 and —-D197 are exposed on the
back.

This arrangement of the interacting residues suggests
that a pair of dimers might come together in a sandwich-
like fashion that can be visualized by viewing the two
images depicted in Figure 8 as individual dimers (rather
than as a stereo pair) and folding them together along a
vertical axis midway between them. The positions of the
interacting residues in three-dimensional space are con-
sistent with this model. Specifically, the distance be-
tween the a carbons of UmuD’ residues 97 and 59 (cor-
responding to Acl residues K192 and N148) is roughly the
same as the distance between the o carbons of UmuD’
residues 108 and 102 (corresponding to \cl residues 204
and 197), and whereas residues 97 and 108 lie in cavities
on the protein surface, residues 59 and 102 protrude from
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Figure 8. Space filling model of the

UmuD’ dimer. In this stereo view of the

UmuD’ dimer the left monomer is pale

blue and the right monomer is pale green.

Pairs of residues that correspond to inter-

acting pairs of Acl amino acids are high-

" lighted. Residues D59 and 1108, which cor-
% respond to N148 and Q204 in \cl, are
By shown in dark blue on the left and right
monomers, respectively. Residues K97

and R102, which correspond to K192 and

D197 in Acl, are shown in purple on the

left and right monomers, respectively. Interactions of these residue pairs at the cooperativity interface of Acl can be imagined by
treating the two images as separate dimers (rather than as a stereo view) and folding them together along a vertical axis midway

between them.

the surface. This model suggests that all four monomers
could, in principle, interact at the dimer-dimer interface
contrary to the traditional cartoon representations (e.g.,
see Fig. 1A). However, it is possible that constraints im-
posed by the DNA when the interacting dimers are DNA
bound might limit the interaction to only two mono-
mers. We also note that this model would, in principle,
permit the simultaneous interaction of more than two
dimers (Liu and Little 1998) because each dimer contrib-
utes two potential contact surfaces. Finally, we stress
that, although the UmuD’ structure is likely to resemble
the structures of the Acl and P22c2 CTDs, UmuD’
dimers have not been observed to form higher order
oligomers in solution (Ferentz et al. 1997), and neither
UmuD’ residues 59 and 108 nor residues 97 and 102
would be expected to pair. Furthermore, nothing is
known about what effect, if any, the loss of the amino-
terminal fragments after cleavage may have on the struc-
tures of the proteins within this family.

Cooperativity of the HK022 repressor

The repressor of another lambdoid phage, HK022, binds
adjacent operators with a much higher degree of cooper-
ativity than do Acl and P22c2 and may participate in
long-range cooperative interactions during the natural
life cycle of the phage (Carlson and Little 1993). Coop-
erativity mutations in the HKO022 repressor have been
identified, some of which are pleiotropic (Mao and Little
1998). Although mutually suppressive pairs have been
identified, the amino acids involved are not thought to
interact directly (Mao and Little 1998). Mao and Little
have pointed out that strong cooperativity mutants were
likely to have been eliminated from their screen, and,
therefore, it remains to be learned whether or not the
residues that mediate HK022 repressor cooperativity cor-
respond with those that mediate Acl and P22c¢c2 cooper-
ativity. In either case, the greater strength of the HK022
dimer—dimer interaction implies that the respective
dimer—dimer interfaces must differ to some extent.
Mao and Little (1998) have suggested that the CTD can
assume multiple conformations that support different
functions of this domain (i.e., cooperativity and auto-
cleavage). During autocleavage a conserved lysine (K192
in Acl) deprotonates a conserved serine (5149 in \cl), ac-

tivating it to perform a nucleophilic attack on a specific
peptide bond within the linker that connects the two
domains (for review, see Little 1993). The results pre-
sented here indicate that K192 is directly involved in
both processes, participating not only in the intramo-
lecular interaction with S149, but also in an intermo-
lecular salt bridge with residue D197 at the dimer-dimer
interface. Consistent with the proposal of Mao and
Little, it is therefore likely (though not necessarily re-
quired) that autocleavage and cooperativity involve dif-
ferent conformations of the CTD that position the lysine
side chain differently under conditions that either do or
do not favor cleavage.

Mutant-suppressor analysis and charge reversal
mutants

Mutant-suppressor analysis is often used to attempt to
identify partner proteins that interact with a protein of
interest (Jarvik and Botstein 1975; Phizicky and Fields
1995), or to identify interacting residues at protein-DNA
or protein—protein interfaces. In the case of sequence-
specific DNA-binding proteins, specific amino acid-base
pair contacts have been identified by screening for amino
acid substitutions that permit the mutant protein to
bind a specifically altered recognition site (e.g., see You-
derian et al. 1983; Ebright et al. 1984; Wharton and
Ptashne 1987). In the case of protein—protein interac-
tions, an analogous approach has been taken by screen-
ing for amino acid substitutions that restore an interac-
tion with a specifically altered partner protein (e.g., see
Li et al. 1994; Kallipolitis et al. 1997). There are, how-
ever, few examples in which mutant-suppressor analysis
has resulted in the identification of specific pairs of in-
teracting amino acid side chains; thus, it is not clear
from such studies how difficult it is to obtain an amino
acid substitution that restores a given protein—protein
interaction by virtue of its specific ability to interact
with a mutant residue in the partner protein.

Our results demonstrate that individual amino acid-
amino acid contacts can function independently at a pro-
tein—protein interface and that pairwise alterations can
be accommodated. Specifically, the demonstration that
oppositely charged residues can be exchanged provides
evidence for a degree of plasticity that would not neces-
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sarily have been anticipated at a protein—protein inter-
face (for another example of plasticity, see Atwell et al.
1997). Genetic engineering with structurally character-
ized proteins has provided a number of other examples of
ion pair reversals. Several enzyme-substrate systems
have been used to evaluate the effects of active-site ion
pair reversal on catalysis (Graf et al. 1987; Cronin and
Kirsch 1988; Almo et al. 1994). The general conclusion
from these studies is that such reversals do not tend to
work very well (Hwang and Warshel 1988). However, the
optimization of an active site by evolution is likely to be
governed by more stringent requirements than the opti-
mization of a simple protein—protein interface, and it
may be that ion pair reversal will prove more successful
in the latter context. We are aware of two examples in
which genetic engineering has been used successfully to
restore a protein—protein interaction by ion pair reversal,
one involving an enzyme and its specific inhibitor (Ju-
covic and Hartley 1996), and the other involving the hu-
man TATA box-binding protein and the general tran-
scription factor TFIIB (Tansey and Herr 1997). These
studies and those described here suggest that manipula-
tion of the specificity of protein—protein interaction may
be easier than previously thought.

Materials and methods

Media and stock strains

LB liquid medium and plates were prepared as described by
Miller (1972). Strain MC1000 [F~araD139, A(ara, leu)7697, Alac
X74, galU, galK, strA; Casadaban and Cohen 1980] was from our
laboratory collection. Strains CSH100 [F'lacproA+,B+(lacl®
lacPL8)/araD(gpt-lac)5] and CSH142 [F~/araD(gpt-lac)5; Miller
1992] were purchased from Cold Spring Harbor Laboratory.

Indicator strains

Strain FW89, used for isolation of mutants of the P22-\ hybrid
repressor, is a derivative of strain MC1000 that contains an F’
episome, which carries a kanamycin resistance gene together
with a fusion of the test promoter depicted in Figure 2 to the
lacZYA operon. The reporter construct, which was first as-
sembled on a precursor of plasmid pFW11 (Whipple 1998), con-
sists of a modified lacUV5 promoter that bears a consensus P22
operator site ATTTAAGAATTCTTAAAT) and a A Og1 opera-
tor site (TACCTCTGGCGGTGATA) centered 80.5 bp up-
stream and 35 bp downstream of the start point of transcription,
respectively (a center-to-center spacing of 11.0 turns of the
DNA helix). An ATG start codon preceded by a ribosome bind-
ing site is located at position +116 of the transcribed region and
is followed by the leader peptide and lacZ’' gene fragment of
pFW11. This construct was transferred onto the F’ lacpro epi-
some of strain CSH100 and moved into strain MC1000 by the
method described in Whipple (1998). Strain FW89B was subse-
guently constructed for technical reasons unrelated to the work
reported here by moving the recombinant F’ into a different
background strain, CSH142, via conjugation. The quantitative
assays reported in Figure 2 were performed with strain FW89B;
similar assays performed with FW89 yielded the same results.

Indicator strains AH-5.9 and AH-5.5 (Hochschild and Ptashne
1988), FW40 and FW42 (Whipple et al. 1994), KS1 (Dove et al.
1997), and DV72 and DV59 (Valenzuela and Ptashne 1989),
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which were used for the assays of Figures 3, 4, 5 and 6, and 7,
respectively, have all been described previously. Although de-
rived from various background strains, all of these strains bear
fusions of artificial promoter-operator constructs to the lacZ
gene. These fusion constructs are located on prophages that are
present in single copy in the bacterial chromosomes. All of
these strains except AH-5.9 and AH-5.5 also contain high levels
of the lac repressor protein encoded by the lacl? allele. In AH-
5.9 and AH-5.5 lacZ is under the control of a modified \ Pgy,
promoter region in which Og3 has been inactivated and Og1 has
been moved away from Og2 such that the center-to-center dis-
tances correspond to 5.9 and 5.5 turns of the DNA helix, respec-
tively. In FW40 and FW42, lacZ is controlled by an artificial
promoter that bears a weak P22 operator (P22 Og2) between the
-35 and -10 hexamers and a strong A operator (\ Og1) positioned
5.0 or 5.4 turns of the DNA helix upstream of P22 Ogz2, respec-
tively. In strain KS1, lacZ is controlled by a modified lac pro-
moter that bears a single \ operator (Ogz2) centered 62 bp up-
stream of the start point of transcription. In strain DV72, the
reporter construct is identical to that of strain FW40 except that
the upstream operator is a consensus P22 operator. DV59 is
identical to DV72 except that the upstream operator has been
removed.

Plasmids

Plasmids pLR2, pPR2, and pFW?7 (Whipple et al. 1994) have been
described. They are ampicillin-resistant derivatives of pBR322
that bear the \cl gene, the P22c2 gene, and the P22c2-\cl hybrid
repressor gene, respectively, under the control of a truncated
lacUV5 promoter-operator region. Plasmid pFW7-280A is a de-
rivative of pFW?7 that lacks the DNA between the EcoRlI site and
the Mspl-Clal junction that was created during the construc-
tion of pFW?7 (see Whipple et al. 1994). This deletion has no
significant effect on expression of the hybrid repressor gene.
Both pFW7 and pFW7-280A bear an artificial translationally si-
lent Xbal site at nucleotide 232 of the P22c2 gene and bear a
deletion of 882 bp of vector DNA between the first and last
NgoMI sites located downstream of the hybrid repressor gene.

Plasmid pPR4 is a derivative of pPR2 in which the promoter
region (between the EcoRI site and the beginning of the repres-
sor gene) has been replaced with the corresponding region from
plasmid pTP15 (Poteete and Roberts 1981), which contains the
full lacUV5 promoter. Additionally pPR4 contains artificial
translationally silent Xbal and Hindlll sites at base pairs 232
and 523 of the P22c2 gene, and bears the same downstream
deletion in the vector DNA as do pFW7 and pFW7-280A.

Plasmid pBRa—cl (Dove et al. 1997) is a derivative of pBR322
that encodes a chimeric protein consisting of the amino domain
and linker region of the o subunit of RNAP fused to the CTD of
\cl. This gene is under the control of tandem promoters: a con-
stitutive Ipp promoter and the repressible lacUV5 promoter.

Plasmid pA3B2 (Whipple et al. 1994) is a chloramphenicol-
resistant derivative of pACYC184 that bears the \cl gene under
the control of a relatively weak truncated lacUV5 promoter.
pPAC-\cl (Dove et al. 1997) is identical to pA3B2 except that the
region between the EcoRI-Hindlll junction (see Whipple et al.
1994) and the beginning of the \cl gene contains a strong non-
truncated lacUV5 promoter derived from plasmid pKB280
(Backman and Ptashne 1978).

Mutagenesis

To perform random mutagenesis of the CTD of the P22c2-\cl
hybrid repressor, a pool of pFW?7 plasmid DNA was generated by
trimming PCR-amplified DNA containing this region with



Xbal and BamHI and ligating the resulting fragment into the
backbone of pFW?7 cleaved with the same enzymes (Zhou et al.
1991). The ligation mix was introduced by electroporation into
cells of strain FW89 that already bore plasmid pA3B2-N148D.
The cells were then spread on lactose tetrazolium plates con-
taining carbenicillin, chloramphenicol, and kanamycin and in-
cubated overnight. Plasmid DNAs isolated from clones that pro-
duced red colonies were purified away from the pA3B2 plasmid
by passage through strain MC1000 and then verified by reintro-
ducing them into FW89 together with pA3B2-N148D and re-
confirming their in vivo phenotypes. Then, they were analyzed
by restriction analysis and DNA sequencing.

Site-directed mutagenesis of plasmid-borne repressor genes
was performed using the Bio-Rad Mutagene phagemid mutagen-
esis kit, or by a PCR technique in which one or both of the PCR
primers introduced specific changes near a restriction site, fol-
lowed by reconstruction of the plasmid by use of the appropriate
restriction enzymes. All constructions were confirmed by re-
striction analysis and by DNA sequencing as appropriate.
Whenever the PCR was involved, the DNA sequence of final
plasmids was verified over the entire region that was subjected
to PCR amplification.

Enzyme assays

B-Galactosidase assays were performed as described by Miller
(1972) except that cells were grown in LB medium supple-
mented with carbenicillin (50 pg/ml) and chloramphenicol (30
pg/ml) as appropriate. With strains FW89B, FW40, FW42, and
KS1, which contain kanamycin-resistant F' episomes, the me-
dium was also supplemented with kanamycin (30 pg/ml).
Strains DV72 and DV59 were grown at 30°C to avoid induction
of their temperature-sensitive prophages. As indicated in the
figure legends, IPTG was added to the medium at various con-
centrations for all assays except those performed with strains
AH-5.9 and AH-5.5.
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