
JOURNAL OF BACTERIOLOGY, Sept. 2005, p. 6430–6442 Vol. 187, No. 18
0021-9193/05/$08.00�0 doi:10.1128/JB.187.18.6430–6442.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Positive Autoregulation of cI Is a Dispensable Feature of the
Phage � Gene Regulatory Circuitry†

Christine B. Michalowski1 and John W. Little1,2*
Department of Biochemistry and Molecular Biophysics1 and Department of Molecular and Cellular Biology,2

University of Arizona, Tucson, Arizona 85721

Received 14 April 2005/Accepted 24 June 2005

Complex gene regulatory circuits contain many features that are likely to contribute to their operation. It is
unclear, however, whether all these features are necessary for proper circuit behavior or whether certain ones
are refinements that make the circuit work better but are dispensable for qualitatively normal behavior. We
have addressed this question using the phage � regulatory circuit, which can persist in two stable states, the
lytic state and the lysogenic state. In the lysogenic state, the CI repressor positively regulates its own expression
by stimulating transcription from the PRM promoter. We tested whether this feature is an essential part of the
regulatory circuitry. Several phages with a cI mutation preventing positive autoregulation and an up mutation
in the PRM promoter showed near-normal behavior. We conclude that positive autoregulation is not necessary
for proper operation of the � circuitry and speculate that it serves a partially redundant function of stabilizing
a bistable circuit, a form of redundancy we term “circuit-level redundancy.” We discuss our findings in the
context of a two-stage model for evolution and elaboration of regulatory circuits from simpler to more complex
forms.

Complex gene regulatory systems often contain a large num-
ber of interacting components whose actions are presumed to
contribute to the overall behavior of the system. It is plausible
that some or all of these features are advantageous and have
been selected for during the course of evolution, since they are
found in the natural system. However, this does not mean that
all the features of a natural system are essential for its proper
operation—instead, a given feature might be a refinement that
confers a small but decisive selective advantage. If this is the
case, certain features of contemporary circuits might be dis-
pensable—either they could be removed without destroying
qualitatively normal system behavior, or suppressors might
compensate for their loss well enough to restore such behavior.
In this work, we have removed a regulatory feature from a
complex circuit both to test its importance in that circuit and in
the hope that the behavior of the simplified circuit might pro-
vide insights into the evolution of complex circuits.

We have carried out this test in the well-characterized reg-
ulatory circuitry of phage �. This virus can exist in two alter-
native stable regulatory states (8, 12, 34). An infected cell can
follow the lytic pathway, in which a temporal program of lytic
gene expression culminates in the production of about 100 new
virions, followed by lysis of the cell. Alternatively, the infected
cell can follow the lysogenic pathway, in which the virus estab-
lishes and maintains a stable association with the host. The
phage genome becomes physically integrated into that of the
host, and expression of viral genes is repressed by the action of
the CI repressor. The initial choice between these two regula-

tory states involves several aspects of host physiology that are
not well understood and will not be considered further here.

The lysogenic state is extremely stable, but it can break down
as a result of the host SOS response, which is triggered by
DNA damage or inhibition of DNA replication (26). Inducing
treatments lead to activation of RecA protein; activated RecA
mediates the specific cleavage of CI (25, 36), inactivating it.
This leads to expression of lytic genes, excision of the viral
genome from the host, and production of new virions. This
process, termed prophage induction, exhibits threshold behav-
ior—at low doses of DNA damage, little or no induction is
observed, while at a particular dose, termed the set point,
induction rather abruptly becomes efficient (e.g., see reference
27). At higher doses, essentially all the cells are induced.

The operation of this regulatory circuitry involves many
complex features, several of which depend on the properties of
a central regulatory protein, CI or � repressor (34). CI has a
diverse set of activities (Fig. 1B). It reversibly forms dimers.
These dimers bind specifically to several operator sites. Pairs of
dimers bind cooperatively to adjacent operator sites (17), and
two cooperatively bound tetramers support the formation of a
DNA loop (6, 35), another form of cooperativity. Depending
on the context, bound CI can act as either a repressor or an
activator of transcription. Finally, CI is capable of a specific
self-cleavage reaction, stimulated by activated RecA, that re-
sults in its inactivation under some circumstances (not shown
in Fig. 1). It is almost certain that most or all of these features
of CI are selectively advantageous, since they have been found
in the CI proteins of several related viruses, such as 434, P22,
and HK022.

Several of these activities are believed to be crucial to the
maintenance of a stable lysogenic state. CI dimers can bind to
six different operators (Fig. 1B), three apiece in the OL and OR

regions. CI acts most directly to influence the choice of regu-
latory states by its action at OR. At moderate levels of CI, it
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binds to OR1 and OR2; when bound to OR2, it stimulates its
own expression from a weak promoter, termed PRM, about
10-fold (31). Intrinsically, OR1 and OR2 are, respectively,
strong and weak binding sites for CI; when OR1 is occupied,
cooperativity favors binding to OR2. When CI is bound to
either or both of these two sites, it represses the lytic promoter
PR. At OL, CI binds strongly and cooperatively to OL1 and
OL2, repressing the lytic PL promoter. In addition, two dimers
of CI bound at OL engage in a higher-order cooperative inter-
action with two dimers at OR. Finally, at somewhat higher CI
levels, two more dimers bind to sites OR3 and OL3; occupancy
of OR3 shuts off the PRM promoter (6). The resulting negative
autoregulation results in a relatively constant level of expres-
sion in a lysogen.

Are these properties of CI essential to the operation of the
� circuitry? We previously tested whether a subtle feature of
CI action, its ability to bind preferentially to certain of its
binding sites, was necessary for the operation of the circuit and
found that it was dispensable (27). Here we test the effect of
removing a different CI function, positive regulation of its own
expression.

Positive autoregulation, or positive control, is likely to be an
adaptive feature for �, since it is also observed in other lamb-
doid phages; the most detailed analyses have been done for
434 and P22. P22 has a different relationship between PRM and
OR2 than that seen in � (34), suggesting that positive autoreg-
ulation might operate by different interactions between CI and
RNA polymerase and might have evolved independently in
each case.

Positive autoregulation of � cI involves a protein-protein
interaction between a CI dimer bound at OR2 and the �70

subunit of RNA polymerase, which is involved in promoter
recognition. Recent crystallographic evidence (using a frag-
ment of �70 from Thermus aquaticus) shows that this contact
involves a small interface between the two proteins (16), an
interface that includes electrostatic interactions between two
residues on CI, Glu34 and Glu38, and particular Arg residues
in �70. Both CI residues have been shown genetically to be
required for positive control (13); in addition, genetic evidence
(20, 22) indicates that Glu38 interacts with Arg596 in �70, as
seen in the crystal structure, since the cI D38N mutation is
suppressed by the �70 mutation R596H. Accordingly, in this
work we have examined the properties of phage mutants car-
rying either of two mutations in Glu38. We find that we can
readily isolate variants of � that lack positive autoregulation
and yet exhibit essentially normal behavior. These findings
demonstrate that positive autoregulation is not an essential
feature of the � circuitry.

MATERIALS AND METHODS

Reagents and media. Restriction enzymes and T4 DNA ligase were from New
England Biolabs (Beverly, MA), Roche, and Promega Corp. (Madison, WI). Taq
DNA polymerase was from Roche. Polymyxin B was from Sigma. Oligonucleo-
tides were from Midland Certified Reagent Corp. (Midland, TX) and from

FIG. 1. Diagram of OR region, and activities of CI. (A) Diagram of
OR. Locations of PR and PRM promoters are shown. Cro and CI bind
to OR1, OR2, and OR3, although the relative affinities differ; Cro binds
most tightly to OR3, while CI binds most tightly to OR1. The proximal
portions of the cI and cro genes are shown. The map is to scale.
(B) Activities of CI. The N- and C-terminal domains of CI are indi-
cated by the letters N and C, respectively. CI dimerizes with a disso-
ciation constant of �10 nM. Dimers bind to three operators at OR and
to three other sites in the OL region (depicted only at the bottom).
Dimers bind cooperatively to adjacent operators, generally to OR1 and
OR2 as shown. CI bound to OR2 stimulates its own expression from
PRM. When CI is bound to two adjacent operators at OR and at OL (not
shown for the unlooped form), the two tetramers can interact to form

a loop as depicted. In a second step, two more dimers bind to the
empty sites (depicted as OR3 and OL3); binding to OR3 represses PRM.
Details of the contacts among CI dimers in the complex are not known;
one likely possibility is depicted. Diagrams are not to scale.
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QIAGEN and are listed in Table S1 of the supplemental material. 5-Bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-Gal) was from Research Products In-
ternational Corp. TMG was as previously described (27). TZ8 (6) was 100 mM
Tris-HCl (pH 8.0)–1 mM MgSO4–10 mM KCl. LB and tryptone broth were as
previously described (27) and supplemented with antibiotics as appropriate at
the levels previously described (27). LBGM and LBMM were LB with 1 mM
MgSO4 and either 0.2% glucose or 0.2% maltose, respectively (27). DNA se-
quencing was carried out as previously described (27). For each variant phage,
DNA sequencing was done on a PCR product extending from the distal end of
cro to the end of cI; sequencing was done from the end of cro through about the
first third of cI, spanning the entire region that could recombine from the
plasmid.

Bacterial and phage strains and plasmids. A list of many of the strains and
plasmids used is given in Table 1. All bacterial strains were derivatives of
Escherichia coli K-12. Phages not listed include those carrying reporter gene
fusions and most of those isolated in the presence of wild-type CI (see Table S2
of the supplemental material). Plasmids not described include those used as
intermediates in the construction of reporter gene fusions and those used for
backcrosses of PRM alleles.

Creation of doped PRM pools. Pools of DNA fragments was made in which
eight positions of PRM were doped as previously described (32), with the follow-
ing modifications. First, pools of fragments containing the cI D38N or D38R
allele were made by PCR as described previously (32), with primers prmdope-10
and cIright (Table S1) and �JL815 and �JL800 templates, respectively, to make
the fragment extending from PRM beyond the NsiI site. A second fragment was

made by PCR using �JL163 as the template with primers prmdope-35 and croleft
as described previously (32). Second, these fragments were cloned into pJWL334
cut with NsiI and BglII in one of two ways; either they were cut with BsmAI and
ligated and the product was amplified with cIright and croleft, followed by
digestion with NsiI and BglII, or fragments were cut with NsiI and BsmAI (left
fragment) or BsmAI and BglII (right fragment) and the resulting fragments were
cloned into pJWL334 in a three-piece ligation. Third, pools were introduced into
JL468 by CaCl2 transformation, followed by growth overnight in LB-ampicillin,
yielding a culture containing a mixture of plasmids with variant PRM alleles.
These pools contained only about 8,000 to 12,000 members, so that not all of the
65,356 (48) possible PRM sequences were represented.

Isolation of �(PRM) plasmid and phage. A phage containing a deletion of PRM

and the first several codons of cI was made in two steps. First, a plasmid,
pJWL702, was made with two inserts, both of which were PCR products using
�JL163 as the template. One insert was made with primers croleft and delprm-
right, followed by cutting with BglII and ClaI, the other with primers cIright and
delprmleft, followed by cutting with NsiI and ClaI. These two fragments were
cloned into pJWL334 cut with NsiI and BglII. The resulting deletion, termed
�(PRM cI-K4) or �(PRM) for brevity, removed � sequence starting just to the left
of OR2 and extending leftward through codon 4 of the cI gene (codons in cI are
numbered by convention with the AUG start codon as 0, since the N-terminal
Met is removed after translation [38]). Second, a phage-by-plasmid cross was
done between pJWL702 and �JL163; clear plaques were purified, and deletion of
PRM was verified by DNA sequencing. The resulting phage was �JL801.

Phages with the same structure but carrying the cI D38N or D38R allele were

TABLE 1. Strains, phages, and plasmids employed in this study

Strain, phage, or
plasmid Relevant genotype Vector Source or reference

Bacterial strains
JL468 AB1157/F� lacIq 23
JL2497 N99 lacZ�M15/F� lacIq lacZ�M15::Tn9; used as wild type 30
JL6039 JL2497 hflKC 32
JL6142 JL2497 �(lacIPOZYA)F� 1
JL6994 JL6142/pJWL615/pJWL486 This work
JL6995 JL6142/pJWL615/pA3B2 This work
JL6996 JL6142/pJWL615/pJWL710 This work
JL6997 JL6142/pJWL615/pJWL709 This work

Phages
�JL163 �� bor::kan 27
�JL611 �amp-�lacZY� imm21 bor::kan vector for reporter gene fusions 32
�JL628 Same as �JL611 but with � OL operators distal to lacZ 32
�JL800 � cI D38R bor::kan This work
�JL801 � �(PRM) bor::kana This work
�JL802 � �(PRM) cI D38R bor::kana This work
�JL804 � �(PRM) cI D38N bor::kana This work
�JL815 � cI D38N bor::kan This work

Plasmids
pA3B2 ��35 lacP::cI; provides low level of CI; Cmr pACYC184 41
pACYC184 Origin of p15a; compatible with pGB2 and ColE1-derived plasmids; Cmr pACYC184 New England Biolabs
pBS(�) Cloning vector with extensive polylinker; Ampr ColE1 Stratagene
pJWL334 Derivative of pBS(�) with modified polylinker pBS(�) 32
pJWL486 pACYC184 derivative (control for pA3B2) pACYC184 32
pJWL615 lacIq promoter driving lacI; compatible with pACYC184- and ColE1-

derived plasmids; Spcr
pGB2 32

pJWL701 cI amino acid 80-BglII interval spanning OR region with cI D38Rb pBS(�) This work
pJWL702 NsiI-BglII interval spanning OR region with �(PRM) pBS(�) This work
pJWL704 cI amino acid 80-BglII interval spanning OR region with �(PRM) and cI

D38Ra,b
pBS(�) This work

pJWL706 cI amino acid 80-BglII interval spanning OR region with cI D38Nb pBS(�) This work
pJWL707 cI amino acid 80-BglII interval spanning OR region with �(PRM) and cI

D38Na,b
pBS(�) This work

pJWL709 cI D38N version of pA3B2 pACYC184 This work
pJWL710 cI D38R version of pA3B2 pACYC184 This work

a In this phage or plasmid, the deletion removes the first four codons of cI; hence, the cI gene is not intact, symbolized by �cI in a phage. The deletion is termed �(PRM
cI-K4) or �(PRM) for brevity.

b This plasmid contains a segment of cI extending to residue 80, indicated by “cI amino acid 80,” beyond which a PstI site was introduced by PCR to allow cloning.
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made in the same way, except that PCR products were made using primers
delprmleft and PstIcI80right, which puts a PstI site at the position of cI codon 80
(giving a longer region of homology distal to D38 for crossing over), with
pJWL706 and �JL800 (see below), respectively, as the templates, followed by
cutting with ClaI and NsiI and cloning into pJWL702 cut with the same enzymes,
yielding pJWL707 and pJWL704, respectively. These were crossed with �JL163;
clear plaques were purified, and deletion of PRM and the presence of the cI allele
were verified by sequencing, yielding �JL804 and �JL802, respectively.

Isolation of � cI D38N and D38R. The D38N and D38R mutations were made
with silent changes in Ala37, changing the codons for Ala37 and Asp38 from
GCAGAC (the codon for D38 is underlined) to GCCAAC and GCGCGC,
creating sites for BstXI and BssHII, respectively. For each, two primers were
made including these changes. PCR product 1 was made with D38Nright or
D38Rright and croleft; PCR product 2 was made with D38Nleft or D38Rleft and
PstIcI80right. Product 1 was cut with BglII and BstXI or BssHII, product 2 was
cut with PstI and BstXI or BssHII, and the resulting fragments were cloned into
pJWL334 cut with BglII and PstI. The resulting plasmids were pJWL701 (D38R)
and pJWL706 (D38N).

To isolate � cI D38R, �JL163 was crossed with pJWL701; clear plaques were
isolated from the progeny, and the presence of the D38R mutation was verified
by sequencing of the cI-cro interval, yielding �JL800. To isolate �cI D38N,
�JL804 was crossed with pJWL706; turbid plaques were picked and sequenced,
yielding �JL815.

Isolation of phages with PRM variants. Several phage-by-plasmid crosses were
carried out between �JL801, �JL802, or �JL804 and the doped PRM pools
carrying the corresponding cI allele. In such crosses, we have found that recom-
binants generally are about 0.05% of the total; hence, if we assume that all 8,000
PRM variants are represented about equally in the plasmid pool, a given PRM

sequence would be carried on roughly 5 	 10�3/8,000, or roughly 10�6, of the
total phages in the cross progeny.

Enrichment procedure. The enrichment procedure was designed to enrich for
PRM variants that could lysogenize and undergo prophage induction at UV doses
similar to those of the wild type. hfl mutant strain JL6039 was grown in LBMM
to 2 	 108 cells/ml, concentrated by centrifugation, and resuspended in 1/10
volume of TMG. Cells (109) were infected with �108 cross progeny. After 20 min
at room temperature, cells were diluted 10-fold in LBGM and shaken for 30 min
at 37°C; kanamycin was then added to 30 
g/ml, an aliquot was plated on
kanamycin plates to verify lysogenization, and the culture was shaken overnight
at 37°C.

An aliquot was grown to mid-exponential phase in LBGM and then irradiated
with UV light (5 J/m2 for pools with cI� or cI D38R, 10 J/m2 for those with cI
D38N) as previously described (32), followed by centrifugation and resuspension
in an equal volume of LBGM. The culture was diluted 10-fold and shaken
overnight at 37°C. Cells were diluted, grown to mid-exponential phase, and UV
irradiated at 20 J/m2. After 2 h, cultures were treated with chloroform and plated
on overnight plating lawns. Individual plaques were then purified and charac-
terized as described in Results.

Backcrosses. PCR of phages with various PRM alleles was done using cIright
and croleft. The product was cut with NsiI and BglII and cloned into pJWL334,
the plasmid was crossed with a �(PRM) phage carrying the desired cI allele,
turbid plaques were isolated, and the presence of the cI and PRM alleles was
verified by sequencing.

Screening for set point of prophage induction. Exponentially growing cells
were concentrated twofold in TMG, and a small drop was applied to a kanamycin
plate, which was tipped to allow the liquid to run across the plate. Streaks were
exposed to graded amounts of UV irradiation by shielding with an opaque card,
followed by incubation for 16 h at 37°C. Induction was assayed by the gradual
thinning of the streak, and the pattern shown by each mutant was compared with
a wild-type strain on the same plate.

UV induction. Single lysogens in JL2497 were identified and UV induction was
carried out as previously described (32).

Reporter constructs and �-galactosidase assays. Reporter constructs were
made, single lysogens were prepared, and enzyme assays were done as previously
described (32), except that the indicator strains (JL6994 to JL6997) were derived
from JL6142 (Table 1).

RESULTS

Approach. Our goal was to characterize derivatives of � in
which CI was no longer able to stimulate its own expression. As
a first step, we made a phage bearing the cI D38N mutation,
which was previously shown (13) to abolish positive control.

We found that � cI D38N could form stable lysogens, but that
these were extremely easy to induce at low levels of DNA
damage (see below). Accordingly, we sought to isolate sup-
pressors that would restore a more normal set point for pro-
phage induction. Rather than carrying out an enrichment for
such phage, we chose to use site-directed mutagenesis, with the
following rationale.

The most direct result of positive control is to elevate CI
levels above the level produced by unstimulated PRM. Our
previous study with wild-type CI suggested that increasing the
strength of PRM would increase the set point for prophage
induction (32). In that study, we isolated variants with altered
PRM promoters that yielded relatively normal behavior of the
� regulatory circuitry, and stronger promoters generally led to
higher set points. We reasoned that with � cI D38N we could
likewise isolate PRM variants that would restore prophage in-
duction with a set point more like that of wild-type �. We chose
the approach of doping PRM (Fig. 2). This approach was ap-
plied using phages and plasmids bearing wild-type cI and with
the cI D38N and cI D38R alleles. We will first describe the
approach and then the results obtained with D38N.

In this approach, pools of variant PRM alleles were made on
plasmids, yielding a pool of cells with the variants (denoted
PRM* in Fig. 2). As in our previous study (32), only positions in
PRM lying outside OR2 and OR3 were randomized, to avoid
effects on the binding of CI or Cro to these sites. Then a �
mutant carrying a deletion of PRM was crossed with the pool of
cells containing mutant plasmids by infection of the mixed
culture (Fig. 2). In each cross, both plasmids and phages car-
ried the same cI allele. A pool of those cross progeny able to
lysogenize was made by infecting an hfl mutant strain (in which
lysogens can arise after single infection) at a low multiplicity
and selecting for kanamycin resistance. This pool of lysogens
was treated with a low dose of UV light to induce lysogens that
are induced much more easily than the wild type; surviving
lysogens were grown overnight and treated with a higher dose
of UV light to induce those with a set point near that of the
wild type. The resulting pool of phages was plated, and turbid
plaques were purified and characterized. In each case, the
starting pools did not contain all possible PRM sequences, so
that we almost certainly did not identify all of the possible PRM

variants that could pass this enrichment.
We used the following criteria for qualitatively normal be-

havior. First, the phage should be able to grow lytically, not a
demanding criterion since CI has no role in lytic growth. Sec-
ond was the ability to establish and maintain a stable lysogenic
state. Expression of CI from PRM is required for maintenance
of this state. Third was the ability to undergo prophage induc-
tion after UV irradiation. A final criterion was that the set
point for this process (the UV dose at which the yield of phage
was about half its maximal value) should resemble that of the
wild type.

PRM variants containing D38N. Thirty different isolates car-
rying D38N were purified, and the DNA sequence of the OR

region was determined for each. Twelve different PRM alleles
were identified (Table 2). Preliminary analysis indicated that
isolates with three of these alleles were induced with a much
lower set point than the wild type. For six of the remaining nine
mutants, we first carried out a backcross with the �(PRM)
parent to ensure that no other mutations were present in the
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isolates (see Materials and Methods). We refer to isolates by
giving the PRM allele and the cI allele they carry, such as �
PRM-NP2 cI D38N; for the sake of brevity, they are indicated
in the figures in a shorthand form, such as NP2 D38N.

Isolates were further characterized in two ways. First, we
determined UV dose-response curves for lysogens containing a
single prophage to test whether their behavior resembled that
of wild-type lysogens; these tests examined the system behavior
of the phage. Second, we analyzed the various PRM alleles in an
uncoupled reporter gene assay to determine both the relative

strengths of the mutant promoters and their responses to wild-
type and mutant CI proteins.

For lysogens of each mutant, prophage induction was car-
ried out with graded doses of UV light. In this experiment, the
wild-type lysogen exhibits threshold behavior with a particular
set point. Mutants have been isolated (27, 32; unpublished
data) that affect either the set point, the yield of phage after
induction, or both; nearly all mutants examined to date exhibit
threshold behavior.

The phage bearing cI D38N and various PRM alleles also
showed threshold behavior. The � PRM

� cI D38N phage, as
noted above, was induced at very low UV doses, with threshold
behavior and a set point of �0.8 J/m2. Lysogens of phage with
cI D38N and variant PRMs were characterized by a range of
phage yields and set points (Fig. 3; Table 2 ). From these
findings, we conclude first that it is possible to isolate � variants
that lack a contact normally required for positive control and
yet show relatively normal behavior and second that these can
exhibit threshold behavior with a range of set points.

Although several PRM alleles could suppress the very low set
point of � cI D38N PRM

�, it remained possible in principle
that we had selected a special class of promoters for which the
mutant CI could support positive control. To test this idea, we
compared the strength and regulation of these variant PRM

FIG. 2. Isolation of pools with mutated PRM. (A) Sequence of the
PRM promoter, inverted from the usual order of the � map. Locations
of OR3 and the end of OR2 are shown in bold; the �35 and �10
regions of PRM are underlined; the N�s represent positions that were
randomized. Above the sequence is that of a consensus promoter;
positions in which PRM differs are underlined. (B) Genetic crosses. �
�(PRM) was crossed with a pool of cells containing PRM variants made
as previously described (see Materials and Methods and Results).
Maps of the OR region in plasmids and phages are to scale. The dashed
line between the two parents shows the double crossover yielding the
desired recombinant, shown at the bottom. Ns and Bg, NsiI and BglII,
respectively. (C) Selection and enrichment for cross progeny forming
stable lysogens with a set point near the wild type (see text for details)
m.o.i., multiplicity of infection.

FIG. 3. UV induction of selected mutants with cI D38N. UV in-
duction curves were determined for single lysogens as described in
Materials and Methods. Results of typical experiments are shown; data
were obtained in a single experiment. Here and in Fig. 4 to 6, mutants
are referred to by giving the PRM allele followed by the cI allele; for
example, NP2 D38N is shorthand for PRM-NP2 cI D38N. WT, wild
type.
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alleles with those of wild-type PRM in an uncoupled system
using PRM::lacZ protein fusions (32). We also installed a vari-
ant of the OL region distal to the lacZ gene to allow looping
between OR and OL. Looping leads to partial repression of
PRM due to cooperative binding of CI to OR3, facilitated by
other CI dimers in the looped structure (cf. Fig. 1). To test the
response of the mutant promoters to graded levels of CI, we
supplied wild-type or D38N mutant CI from a lacP::cI fusion
on a plasmid and provided graded amounts of isopropyl-�-D-
thiogalactopyranoside (IPTG) to induce CI expression. In ad-

dition, we tested the response both to wild-type CI and to
D38N mutant protein.

These studies revealed several properties of the variant
PRMs. First, they were stimulated only slightly or not at all by
the presence of CI D38N (Fig. 4A), as observed here and
previously (4, 13) with the wild-type PRM. This finding indi-
cates that we have not enriched for a special class of PRM

alleles that suppress the activation defect of D38N. Second, all
were stimulated by the presence of wild-type CI (Fig. 4B).
Third, all were stronger than wild-type PRM, as would be ex-

FIG. 4. Activities of selected promoters and responses to various levels of CI D38N or wild-type (WT) CI. Single lysogens of phages bearing
PRM::lacZ protein fusions were prepared. For each, three host strains were used. The first, JL6994, contained no CI; the second and third contained
pJWL709 or pA3B2, which are regulated by the Lac repressor and make low levels of CI D38N or wild-type CI, respectively. A small amount of
CI is made in the absence of IPTG. Cells were grown in the presence of the indicated levels of IPTG, and �-galactosidase levels were measured
as described in Materials and Methods. Results of a typical experiment are shown. (A) Activity in the presence of an OL variant located distal to
the lacZ reporter with CI D38N. (B) Activity in the presence of OL with wild-type CI. (C) Activity in the absence of OL with cI D38N.

TABLE 2. Sequences and properties of PRM variants isolated with cI D38Na

PRM allele �35 region �10 region cI allele or
no. of isolates Set point

Maximum level of �-galactosidase with
cI D38N (except as noted)

�OL �OL

WT TAGA GATT cI� 12 266, 280 (cI�) 190, 168 (cI�)
WT TAGA GATT cI D38N �0.8 54 (cI D38N) 34 (cI D38N)

Mutants containing a PRM
variant and cI D38N

NP1b GGAA AGAT 4 15 NA NA
NP2 GCTG TATT 1 7 140 85
NP3 CATT GAAT 2 4 ND ND
NP4 CCTT CCAT 1 3.5 102 73
NP5 CTAA GAAT 2 8 171 114
NP6 CCCA TGAT 1 5 ND 120 (not shown)
NP7 TACC TACT 1 4 ND ND
NP8 GTGT GTAT 1 15 ND 217 (not shown)
NP9 GCAC GGAT 14 8 179 117
NP10 CCAA GAAT 1 14 246 174
NP11 CTCA TGCT 1 3 ND ND
NP12 CTGA TAAT 1 8 ND 78 (not shown)

a Only positions 3 to 6 for each of the �35 and �10 regions are shown. Positions 1 and 2 are TA in both cases. The set point is the dose of UV giving 50% of the
maximal phage yield. ND, not done; NA, not applicable.

b The mutant carrying PRM-NP1 also has a mutation of OR2 (CAACGCGCACGGTGT; the underlined base is A in the wild type).

VOL. 187, 2005 SIMPLIFICATION OF A COMPLEX REGULATORY CIRCUIT 6435



pected if they were to provide sufficient levels of CI to maintain
a lysogenic state with stability similar to that of the wild type.
As found previously (32), the promoter strength was correlated
with the set point (Table 2).

To examine the properties of these PRM variants in the
absence of looping, we also assayed LacZ expression in ver-
sions of the reporter constructs lacking OL. In these assays,
there was a modest stimulation of wild-type and mutant deriv-
atives of PRM by D38N CI (Fig. 4C), implying that this protein
retains a small amount of stimulatory activity. Again, promoter
strength was correlated with the set point. Wild-type CI stim-
ulated all the variant PRMs to much greater extents (data not
shown), as also seen in the presence of OL (Fig. 4B).

We conclude that these mutant promoters are not markedly
activated by D38N mutant CI. Therefore, positive control is
not necessary for qualitatively normal behavior of the � cir-
cuitry. In particular, positive control is apparently not neces-
sary for threshold behavior in prophage induction.

Lysogenizing derivatives of �cI D38R. We next analyzed a
mutant CI that we expected to have a more drastic effect on
positive control. Since D38 in CI makes an electrostatic inter-
action with R596 in �70, we expected that a CI derivative with
a positive charge at residue 38 might repel R596. Indeed, we
found that � cI D38R made clear plaques and was unable to
lysogenize. We then made a pool of recombinant phage with
variant PRM alleles as described above and isolated lysogeniz-
ing variants. Following enrichment as before, turbid plaques
were isolated, their OR regions were sequenced, and their
ability to form stable lysogens was assessed by streaking
plaques onto kanamycin plates. Among 57 lysogenizing vari-
ants sequenced, only four different sequences were identified
(PRM-RP1 to PRM-RP4; Table 3) F that allowed the formation
of stable lysogens, as assessed by colony size; lysogens of sev-
eral other isolates (not described here) formed small colonies,
a phenotype we attribute (32; unpublished data) to lysogens
being unstable. These four variants were backcrossed as be-
fore, and recombinants were further characterized.

In UV induction experiments, all were easier to induce than
a wild-type � lysogen (Fig. 5A). When each PRM variant was
combined with cI D38N, the mutants were somewhat harder to
induce than wild-type � (Fig. 5B); in combination with wild-
type cI, they were still more difficult to induce, giving small
bursts only at high UV doses (data not shown).

In reporter gene assays, we found first that the four variant
PRM alleles were relatively strong promoters in the absence of
CI (Fig. 5C and D). Second, CI D38R acted as a repressor of
wild-type PRM, as might be expected if there is charge repul-
sion between CI D38R and Arg596 in �70 (Fig. 5C). A slight
repressive effect of this same mutation was previously seen in

a similar assay system (4). Third, CI D38R also repressed the
four PRM variants with which it was isolated. Fourth, in con-
trast, wild-type CI was able to stimulate these same variants
(Fig. 5D) and CI D38N had little effect on their expression
(Fig. 5E).

We conclude first that these variant PRM alleles do not
counteract the repressive effects of CI D38R bound to OR2;
that is, they do not greatly alter the interaction between CI and
�70. Second, these variants probably achieve a high enough
level of CI to maintain stable lysogeny by virtue of being strong
promoters. Third, it is likely that these variants are engaged in
a sort of “balancing act” in which the levels of CI are deter-
mined by two opposing forces (see Discussion). Again, the
strength of these promoters was roughly correlated with the set
point for prophage induction, in that the stronger promoters
were found in those phage with higher set points (Tables 2 and
3).

PRM variants with little positive control in the presence of
wild-type CI. In this section, we describe another approach to
eliminating positive autoregulation by CI. Using methodology
different from that employed here, we previously isolated vari-
ant phages with many different PRM sequences altered in the
same positions as in this work (32). Several of these phage
variants had biological properties similar to those of wild-type
�. However, in uncoupled assays of promoter function, they
were stimulated by CI to various extents, ranging from 3- to
4-fold to about 12-fold. In order to test whether certain PRM

variants might show a wider range of responses to stimulation
by CI than the previous set, we used the same approach as
described above to isolate many more variants with altered
PRM sequences in a phage with wild-type CI. We sequenced
the OR region of 98 variants and identified phage with 60
different PRM alleles. These alleles were termed PRM-MD63 to
PRM-MD122. In addition, stable lysogens of several other
phage were isolated from the initial lysogenization procedure;
these phage carried alleles termed PRM-MD123 to PRM-
MD128. Their properties and sequences are given in Table S2
of the supplemental material; a subset is described in Table 4.

As expected from the way these isolates were obtained, all of
them could form stable lysogens, as judged by the formation of
large colonies on plates containing kanamycin. In addition, all
were able to undergo prophage induction, as judged by a rapid
plate screen (see Materials and Methods). We carried out UV
induction experiments for single lysogens of most of the mu-
tants with set points resembling that of the wild type in the
plate test (data not shown; Table S2). These showed a rela-
tively wide range of set points as judged by this quantitative
assay. From these data, as from the previous set (32), we
conclude that the set point can vary markedly and that changes

TABLE 3. Sequences and properties of PRM variants isolated with cI D38Ra

PRM allele �35 region �10 region No. of isolates
Set point with: Maximum level of

�-galactosidase with
cI D38N (�OL)cI D38R cI D38N

RP1 CCCT TAAT 9 3 18 327
RP2 TGAC TAAT 34 4 20 246
RP3 CACG TACT 10 2.5 15 169
RP4 TGAC CAAT 4 2.5 14 149

a See Table 2, footnote a.
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in PRM can contribute to its value. Our findings reinforce
previous conclusions that a very wide range of PRM sequences
is compatible with relatively normal � behavior.

We determined the strengths of variant PRMs in a reporter
gene assay. In preliminary assays, PRM-MD105 showed a very
weak response to wild-type CI, so we assayed several other
variants with PRM sequences related (see Fig. 6E) to that of
PRM-MD105. Data for PRM-MD105 and three other variants
in the absence of a distal OL site are shown in Fig. 6A. Strik-
ingly, these variants showed only a slight response to CI in this
assay. For PRM-MD105 and PRM-MD82, we repeated this as-
say on a template with an OL site distal to lacZ in order to
assess promoter strength in the presence of looping-mediated
repression (Fig. 6B). In this assay, these two promoters were
stimulated only slightly by CI. We conclude first that the se-
quence of PRM is capable of modulating the stimulatory effect

of CI and second that, as above, positive control is not required
for proper operation of the � gene regulatory circuitry.

Finally, we measured the UV dose response of lysogens of
most of the phages with alleles related by single changes to
PRM-MD82 and PRM-MD105 (Fig. 6C and D). These showed
a range of set points, and as with all the mutants described
here, these gave threshold behavior. Again, the set points were
roughly correlated with the strength of PRM in the cases we
examined.

DISCUSSION

We present several lines of evidence that positive control is
not essential for proper operation of the � regulatory circuitry.
Our findings have implications for the mechanism of positive
control, for its role in � gene regulatory circuitry, and for

FIG. 5. UV induction and promoter activities of RP mutants. (A) UV induction of single lysogens. All phages carried cI D38R and the indicated
promoter allele, except for the wild type (WT). (B) UV induction of single lysogens. Except for the wild type, all phages carried cI D38N and the
indicated promoter allele. (C) Promoter activity of D38R suppressors in the presence of CI D38R. Single lysogens of phages bearing PRM::lacZ
protein fusions were prepared and assayed as described in legend to Fig. 4, except that the second strain carried pJWL710, which expresses CI
D38R. In the wild-type control, wild-type CI was provided from plasmid pA3B2. All phages carried a variant of OL located distal to the lacZ
reporter. For each curve, the PRM allele in the reporter fusion is given, followed by the allele of cI carried on the plasmid. (D and E) Promoter
activities of D38R suppressors in the presence of the wild type (D) or CI D38N (E). The experiment was as in panel C, except that cells with the
CI-bearing plasmid carried pJWL709 or pA3B2, which expresses CI D38N or wild-type CI, respectively. Curves are labeled as for panel C.
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systems behavior. They also suggest mechanisms by which
complex gene regulatory circuits might have evolved and
gained in complexity.

Mechanism of positive control. Structural evidence (16)
shows a small contact region between CI and �70 bound to the
�35 region. This region includes the contact we altered and
lies close to the DNA. The authors suggest that favorable
interaction between the two proteins requires precise align-
ment and suggest that this alignment can only be achieved in
the wild-type case at a step after formation of the closed
complex, since CI stimulates the isomerization step (kf) and
not the initial binding step (KB) (7, 11, 40).

We found that several related changes in the promoter se-
quence allowed only a small amount of positive control. As
discussed previously for other PRM variants with less drastic
effects on positive control (32), this could occur by various
mechanisms. The most straightforward is that the two proteins
are misaligned and cannot interact (15), either because the
specific contacts between �70 and the bases in the �35 region
are altered, thereby repositioning �70, or by altering the de-
tailed DNA structure near the contact. Alternatively, CI ap-
parently stimulates an early step in the isomerization of the
closed complex to the open complex (kf); perhaps a promoter
mutation could cause a later step in open-complex formation
to be rate limiting (15). Finally, PRM has an extended �10
region (37); conceivably, these particular mutations have
largely abrogated the requirement for a �35 region, at least in
cases, like some of these, in which the �10 region is a consen-
sus or nearly so and the �35 region lies far from the consensus.

Systems behavior and the role of positive control in � gene
regulatory circuitry. We have described several mutants in
which positive control is largely absent and in which the set
point for prophage induction is similar to that of the wild type
(Fig. 3 and 5B), with a range of values spanning that of the wild
type. Although some of the mutants (such as those carrying
PRM-NP5 and PRM-NP10; Fig. 3) have reduced burst sizes
relative to the wild type, others, including that with PRM-NP7
(not shown), have burst sizes like those of the wild type. We
conclude that positive control is not an essential feature of the

� circuitry by the criteria we have used here and that mutants
lacking it have qualitatively normal behavior.

If positive control is not essential, why is it present? Positive
control is a form of positive feedback, and it may be expected
to play some role in stabilizing a bistable circuit by helping to
drive the system toward either of the two stable states (3, 10).
For circuits to be bistable, they need to involve some form of
feedback (10)—either positive feedback or double-negative
feedback (see below). In addition, they need to involve some
form of nonlinearity, that is, a response that is greater than
proportional to the input.

Both feedback and nonlinearity are present in the � circuitry
in several forms. The first is positive autoregulation of cI, as
studied here. Second is relatively weak dimerization of the CI
repressor, which results in a nonlinear response of CI dimer
levels to the total concentration of CI. Cro dimerizes even
more weakly (5, 21). Third is cooperative binding of CI to
adjacent operators and higher-order cooperative interactions
between CI bound at OR and at OL. These confer a sigmoid
(nonlinear) binding curve for binding to operators. Finally, the
circuitry involves double-negative feedback, since CI represses
the synthesis of its own repressor, Cro, and vice versa. In the
present studies, we have removed only one of these features, so
our data do not provide a critical test of the importance of
positive feedback or nonlinearity for bistability.

In any case, it is reasonable to conclude that several mech-
anisms act together to provide positive feedback and nonlin-
earity to stabilize states of the � circuitry. Accordingly, these
may be partially redundant, and removal of any one feature
might confer only a slight defect on the system. Importantly,
this type of redundancy differs from the more usual form of
redundancy, in which different gene products execute bio-
chemically related functions. We propose to term it “circuit-
level redundancy.”

In this view, positive control may offer a selective advantage
that is too slight to be detected in our experiments; even small
advantages are decisive over the course of evolution. This is
particularly difficult to evaluate experimentally, since we do not
study � or its host in the natural environment. Nonetheless, we
now discuss current ideas about the role of positive control and
suggest other plausible roles acting either in a different part of
the � life cycle than those we examined or under different
conditions.

One plausible role for positive control in the � circuitry is
that it may play a role in the lysis-lysogeny decision. It permits
PRM to be weak and thereby largely prevents synthesis of CI
from unstimulated PRM. With a constitutive PRM of the same
strength as stimulated wild-type PRM, enough CI might be
made in a small fraction of cells to lead to the lysogenic re-
sponse. Hence, the frequency of lysogenization might change.
In the context of the modern � circuitry, this might in addition
lead to an unproductive infection, for the following reason. It
is believed that � assesses the physiological conditions of the
infected cell, by mechanisms that are poorly understood (8),
and that this assessment leads to a particular level of the CII
activator. High levels of CII lead to expression of cI from the
PRE promoter, leading to the lysogenic regulatory state. If CI
were made from a stronger PRM promoter, this might lead to
a lysogenic response, even in cells that otherwise would favor
the lytic response and would contain little or no CII. However,

TABLE 4. PRM variants selected as stably lysogenizing and
enriched for set point near wild typea

PRM allele �35 region �10 region

No. of
differences

from:

W C

Wild type GATA GATT 0 3
MD63 ACCA GGAT 5 4
MD82 ACCA GAAT 4 3
MD105 ACCC TAAT 6 3
MD114 ACCA TAAT 5 2
MD115b ACGA GAAT 4 4
MD123c ACCC GGAT 6 5

a Only positions 3 to 6 for each of the �35 and �10 regions are shown.
Positions 1 and 2 are TA in both cases. The number of differences in these eight
positions from wild-type PRM and from the consensus are given by the letters W
and C, respectively.

b The mutant carrying PRM-MD115 had an additional mutation in OR3
(TATCCCTTGTGGTGATA; the underlined base is C in the wild type).

c The mutant carrying PRM-MD123 was selected as one that gave stable lyso-
gens but did not undergo the enrichment procedure shown in Fig. 2B.
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this would not lead to the formation of a stable lysogen, since
expression of Int protein (integrase) after infection requires
the action of CII at the PI promoter. In the absence of Int, an
abortive lysogen would form in which the circularized phage
genome would be repressed by CI and unable to replicate but
not integrated. This problem would be especially severe fol-
lowing a single infection, in which the wild type lysogenizes at
a low frequency.

We tested whether several of the phages isolated in this
work were able to follow the lysogenic pathway with elevated
frequency. We found a modest increase in lysogenization fre-
quency relative to the wild type after a single infection of
exponentially growing cells and a further modest increase
when Int was provided from a plasmid (data not shown). It is
possible that these small effects reflect a role for positive con-

trol that would increase fitness, but this issue needs further
study under a range of physiological conditions. Since CII also
stimulates the paQ promoter, thereby counteracting the lytic
pathway (14, 19), the increase in lysogenization observed might
also have been small because this promoter was not active.

A second suggested role for positive control is in prophage
induction (18, 39). During this process, CI levels drop due to
RecA-mediated cleavage, eventually becoming low enough
that OR2 is not fully occupied. At this point, PRM is rather
abruptly no longer stimulated, largely preventing replenish-
ment of CI by new synthesis, leading to switch-like behavior
that helps make the switch irreversible. Our evidence that
lysogens lacking positive control can switch suggests that pos-
itive control is not essential, at least after an acute stress such
as UV induction (see also the next paragraph). It is more

FIG. 6. Promoter activities of PRM variants with weak responses to CI, and UV induction of prophages bearing these promoters. Experiments
were carried out as described in the legends to Fig. 3 and 4, except that CI was wild type (WT) in all cases. (A and B) Promoter activity in the
absence (A) or presence (B) of a distal OL site. The PRM-MD114 fusion carried a silent mutation in Leu7 of cI and hence cannot be compared
directly to the data in panel D, since it is possible that this change affects the apparent promoter strength (for a similar mutation, see reference
32). Data are presented to illustrate the slight response to CI for this promoter. (C and D) UV induction curves for derivatives that are induced
at low (C) or higher (D) set points. All data were obtained in a single experiment and are separated for clarity. (E) Evolutionary pathways among
PRM variants. Alleles differing by a single base change are connected by single lines.
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difficult in this case to know what criteria to use to assess
fitness. However, it is possible that positive control might make
a difference in ways that we could not detect.

We suggest two more possible advantages of positive control
that would not have been detected here. First, it is plausible
that SOS induction often occurs in the natural environment
not by an acute dose of DNA damage, as in our experiments,
but rather by chronic low-level exposure of cells to DNA-
damaging agents. At an intermediate level of DNA damage,
lysogens might be in a “subinduced” state (2, 24), leading to an
“undecided” mode in which the levels of CI are reduced by
cleavage to low levels but the outcome in a given cell would be
determined by stochastic events. Such a system might persist in
regulatory limbo for a long time. Positive feedback in such a
situation would tend to drive the system in one direction or the
other, and positive control could contribute to this.

A more speculative role for positive control is one that is
unlikely to be important in the modern � circuitry. This cir-
cuitry can exist in an “anti-immune” state in which Cro acts to
repress cI expression. This state, although stable, is less stable
than the lysogenic state, switching back to the latter at a de-
tectable frequency (9, 33). The anti-immune state can be ob-
served when early lytic gene expression is blocked by mutations
in N and in a DNA replication gene (O or P). We suggest that
phages such as those containing D38N and a stronger PRM

promoter might have a less stable anti-immune state. When
Cro is transiently unbound from both OR3 and OR2, PRM

would be expressed at higher rates than in the wild type, lead-
ing to increased synthesis of CI and to a higher likelihood of
switching. This expectation is supported by computer simula-
tion of the � circuitry (J. W. Little and A. P. Arkin, unpub-
lished data). Since, as stated, the anti-immune state is probably
irrelevant to the normal � circuitry, we surmise that positive
control could have arisen as a result of selective pressure on a
bistable circuit operating in a different context, perhaps pre-
ceding the use of this circuit in a lambdoid phage. In this view,
positive control arose in a context different from its present
one and was part of the circuitry when it was co-opted by �, so
that it could not readily be dispensed with initially. Perhaps it
later assumed a different set of roles that have maintained it
over the course of evolution. In this view, the complexity of the
� system did not arise in that context, as we discuss in the final
section, but in a prior context; in such a case, the arguments
developed below would apply instead to that prior context.

In addition to removing positive control, we also developed
a novel type of negative control loop in the � circuitry. In
several lysogenizing variants of � carrying cI D38R and rela-
tively strong PRM promoters, CI D38R repressed these pro-
moters (Fig. 5C), strongly suggesting that they are under neg-
ative autoregulation when CI D38R is bound to OR2. This
presents a regulatory paradox for the following reason. For a
lysogen to be stable, CI must be bound to OR1 and/or OR2 to
repress PR. However, cooperative binding with a CI dimer at
OR1 leads to occupancy of OR2; that is, cooperativity largely
prevents CI from being bound only at OR1, except at a low CI
level. Hence, at levels of CI low enough to allow OR2 to be
free, OR1 is likely to be free a substantial fraction of the time
as well, allowing RNA polymerase to bind to PR. This suggests
that the pattern of CI binding in these lysogens is constantly in

flux and that the CI level is likely to be far lower than that in
a normal � lysogen.

We surmise, but have not tested directly, that the pattern of
CI expression after UV induction also differs markedly from
that in the wild type as follows. As the CI levels begin to drop
due to cleavage, CI falls off OR2, derepressing PRM. Since
these promoters are as strong as or stronger than stimulated
wild-type PRM, derepression tends to restore CI levels, coun-
terbalancing the effects of cleavage to a far greater extent than
in the wild type. Eventually, however, expression of cro from
PR occurs, the resulting Cro binds to OR3, and the regulatory
state can switch.

Implications for evolution of gene regulatory circuitry.
Complex systems have almost certainly arisen from simpler
ones during the course of evolution. Our present findings are
compatible with the view that certain features of modern gene
regulatory circuits are refinements of a basic ground plan. We
have proposed (27) a two-stage pathway for evolution of com-
plex circuits in which a simple circuit arises that offers a selec-
tive advantage, followed by refinement and elaboration in a
later stage. In this view, an initial circuit is likely to have
relatively few components and few interactions and to have a
simple structure that can arise by chance assembly from sim-
pler components or modules (see also reference 1). Based in
part on the present data, we suggest that the second stage of
this pathway can involve at least two related types of changes.
First, qualitatively new features, such as positive autoregulation,
can be grafted onto a pre-existing circuit, increasing its complex-
ity. This may have the effect of increasing its ability to be bistable
or to exhibit other useful system properties such as threshold
behavior. Second, the parameters characterizing the system, such
as the affinity of DNA-binding proteins for their sites or promoter
strengths, can be refined. This type of change is more likely if the
system is robust, that is, if its behavior is relatively insensitive to
parameter changes, since it would be easier to refine the system’s
properties without destroying its operation.

In the first stage of this two-stage pathway, a simple circuit
would be far more likely to arise by chance during evolution,
for at least three reasons. The first is that robustness would
allow an initial circuit to take a wide variety of forms (27).
Second, if the circuit lacked the refinements seen in typical
modern circuits, the circuit would also be far more likely to
arise than if these refinements were initially necessary. Finally,
we have previously described (32) an example of “sequence
tolerance,” a feature complementary to robustness, in which a
range of sequences for a cis-acting site (PRM in our case)
provide similar parameter values; again, this feature makes an
even wider range of initial forms possible.

In the second, refinement, stage, addition of new features
and parameter changes can occur, among other means, by
changes in the proteins or in their cis-acting sites. In our stud-
ies showing that the � regulatory circuit is robust (27), we
found that a phage termed �OR323 (with an OR3 site at the
position of OR1) could evolve toward the wild type in response
to selective pressure for better lytic growth by mutating the site
at OR1. This same phage can also evolve toward the wild type,
under selective pressure for a set point in prophage induction
closer than that of the wild type, by changing a different posi-
tion (position 5) in the site at OR1 (our unpublished data). New
features or parameter changes could also occur by changing the
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arrangement or spacing of cis-acting sites, thereby altering the
interactions among the proteins binding to the sites. For instance,
with the CI repressor of the lambdoid phage HK022, reducing the
spacing between binding sites changes the mode of cooperative
binding from pairwise to an “extended” mode in which a bound
dimer can contact other dimers at two flanking sites rather than
being restricted to contacting one dimer (28). Changes in pro-
teins, such as adding an interaction with little energy gain such as
cooperativity or positive control, as studied here, are also feasible
mechanisms for adding new features.

We suggest a specific pathway with four steps by which a
phage lacking positive autoregulation, but with a constitutive
PRM of a strength comparable to that of stimulated wild-type
PRM, could evolve to a form resembling �. This pathway takes
advantage of the modular organization of lambdoid phages,
which should allow a given immunity region to be associated
with a different set of modules at different times, allowing that
region to be subjected to different selective pressures. The
pathway utilizes the finding (29) that certain prophages pro-
ducing Shiga toxin have a low set point, perhaps allowing them
to undergo spontaneous induction readily (29, 32). In the first
step of the proposed pathway, the immunity region would
become associated with a late-gene module producing Shiga
toxin. Second, PRM would mutate to a weaker promoter under
selective pressure to reduce the set point. Third, a change in CI
(like N383D) would create a contact supporting positive au-
toregulation, increasing CI levels and changing the set point
for prophage induction to that of wild-type �. Finally, module
recombination would occur to remove the Shiga toxin gene,
making this set point advantageous, as we presume it is for �.

In separate studies, we have also found that two other fea-
tures of the � circuitry initially believed to be essential for its
proper operation can likewise be viewed as refinements that
are not necessary for the proper qualitative operation of the
circuitry. The differential occupancy of CI and Cro for the
various OR operators can be removed by making the sequences
of OR1 and OR3 the same (27). Moreover, recent studies
(A. C. Watson and J. W. Little, unpublished data) indicate that
a loss of cooperative DNA binding by CI can be suppressed by
changes in cis-acting sites in the OR region, resulting in near-
normal behavior. This implies that cooperativity is also not an
essential feature. We are currently testing whether both coop-
erativity and positive control can be removed with the proper
combination of suppressors, further simplifying the � circuitry.
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