
pubs.acs.org/Biochemistry Published on Web 12/10/2009 r 2009 American Chemical Society

432 Biochemistry 2010, 49, 432–442

DOI: 10.1021/bi901583n

AnUnusual Pattern of CytR andCRPBinding Energetics atEscherichia coli cddP Suggests
a Unique Blend of Class I and Class II Mediated Activation†

Allison K. Holt and Donald F. Senear*

Department of Molecular Biology and Biochemistry, University of California, Irvine, California 92697

Received September 9, 2009; Revised Manuscript Received November 4, 2009

ABSTRACT: Two transcription factors, CRP and CytR, mediate positive and negative control of nine cistrons
involved in nucleoside catabolism and recycling in Escherichia coli. The ability of multiple transcription
factors to combine in different ways to confer differential gene regulation is of significant interest in both
prokaryotic and eukaryotic gene regulation. Analysis of cooperative interactions between CytR and CRP at
the deoP2 and udpP promoters has implicated the importance of promoter architecture in controlling
repression and induction. These studies have also identified competition between CytR and CRP as an
additional contributor to differential regulation. The pattern and energetics of CytR and CRP interactions at
the cdd promoter, the most strongly activated of the CytR-regulated promoters, have been delineated using
DNase I footprinting. Surprisingly, CRP has greater affinity for the promoter proximal site at cddP, CRP1,
than for the distal site, CRP2, in contrast to promoters studied previously. This difference is a major
contributor to unusually highCRP-mediated activation of cddP. Additionally, while cytidine binding to CytR
nearly eliminates the pairwise interactions between CytR and CRP bound at CRP1, it has little effect on
pairwise cooperativity between CytR and CRP bound at CRP2 or as a consequence on the overall
cooperativity of the three-protein complex in which CRP is bound to both sites. The effect of cytidine
binding on cooperativity differs between the three promoters studied thus far. We propose that the different
patterns of interaction reflect the spacing between CytR half-sites and the location of the CytR operator in
relation to the two CRP sites.

Combinatorial control is a ubiquitous feature of transcrip-
tional regulation in both prokaryotic and eukaryotic organisms.
Typically, multiple regulatory proteins (factors) that bind to
specific DNA sites (regulatory elements) are used to control the
transcription of individual genes. These multiprotein complexes
direct the recruitment and activation of RNA polymerase. The
arrangement of regulatory elements along the DNA generates a
scaffold that can either constrain or facilitate interactions among
the transcription factors and between the transcription factors
and the polymerase. The resulting hierarchy of effects has the
capacity for regulation that is nearly continuously adaptable to
developmental, physiological, or environmental conditions. In
addition, individual transcription factors typically contribute to
the regulation of multiple promoters, thus providing a mechan-
ism to coordinate the regulation of multiple genes; modulation of
the activity of individual factors can be used to trigger broad
patterns of gene expression.

The Escherichia coli CytR1 regulon presents a simple para-
digm for coordinate control of gene expression. It comprises
nine operons that encode genes for nucleoside transport and

catabolism (1, 2). Control of these operons is mediated by two,
DNA-binding transcription factors: the regulon-specific, cytidine
repressor protein (CytR), and the cAMP receptor protein (CRP),
a widely used activator of catabolic genes. With only these two
transcription factors, the CytR regulon represents the simplest
possible model of combinatorial gene regulation. Yet this simple
system delivers differential control of the individual operons.
The regulatory variability is remarkable. For example, CRP-
mediated activation ranges from a robust approximately 30-fold
for deoP2 (2) to several hundred-fold for cddP (2, 3). CytR-
mediated repression is similarly quite variable, ranging from only
6-12-fold at deoP2 (2, 4, 5) to 50-100-fold at cddP (2, 3, 6). It is
of considerable interest to understand how promoter architec-
tures that involve so few components elicit such varied responses.

The CytR regulon presents an attractive model system at two
levels. First, CytR is member of the LacI/GalR family of
transcription regulators. Homologues are found in all bacteria
evaluated, with more than 1000 members known (7) and 16
paralogues identified in E. coli (8). The family members typically
sense environmental or metabolic conditions by binding an
effector ligand to a regulatory domain, an interaction that is
then coupled to the DNA-binding affinity of a distinct DNA-
binding domain. CRP activates transcription of about 200 genes
inE. coli (9) in response to the carbon source available. As one of
the most thoroughly studied gene activators, CRP serves as a
model for mechanisms of transcriptional activation (10). Oppos-
ing activation and repression, mediated by CRP and a LacI
family member, respectively, is one of the most common ways in
which transcription of catabolic genes is regulated in bacteria to
meet the cell’smetabolic needs. In addition to this, the differential
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regulation exhibited by the CytR regulon presents a useful
paradigm for more widespread mechanisms of coordinate reg-
ulation in both prokaryotes and eukaryotes.

The potential for widely variable regulatory properties among
CytR-regulated promoters resides both in their unusual utiliza-
tion of CRP and in properties that are unique to CytR. Four
CytR-regulated promoters (cddP, deoP2, nupG, udpP) feature
tandemCRP operators flanking a central CytR operator (CytO).
These have nearly identical architectures as shown in Figure 1.
Each contains both a proximal CRP site (CRP1) that overlaps
the-35-promoter element and a distal site (CRP2) located at-91
to -93 bp. These function synergistically. CRP utilizes a class I
activationmechanismwhen bound to either CRP1 or distal CRP2
site (11-16). A class I mechanism refers to interactions between
CRP and the C-terminal domain of the R-subunit (RCTD) of
RNAP that serve to recruit RNAP to the promoter. However,
CRP bound to CRP1 (but not CRP2) also utilizes a class II
mechanism. This refers to interactions between CRP and the
N-terminal domain of the R-subunit (RNTD) of the polymerase
that increase the rate of open complex formation (14, 15, 17).
Promoters that feature both class I and class II mechanisms are
referred to as class III promoters.

A critical component of the regulation is that CytR and CRP
bind DNA cooperatively, meaning that CRP binding to CRP1
and CRP2 enhanced the affinity of CytR for CytO and vice
versa (18, 19).As a result of this cooperativityCytR is recruited to
CytO when CRP binds to the flanking sites, CRP1 and CRP2, to
yield a three-protein, DNA-bound complex, CRP-CytR-CRP.
Even with its DNA-binding domain deleted, CytR will associate
to form a protein bridge between CRP dimers bound to CRP1
and to CRP2, thus indicating that direct interaction between the
DNA-boundproteins is themechanism for the cooperativity (20).
In the three-protein complex, CytR competes with RNAP both
for binding to the DNA and also for interaction with CRP. The
significance of CytR-CRP cooperativity to this competition is
underscored by the fact that binding of cytidine (the inducer
ligand) to CytR is coupled to CytR-CRP cooperativity (19, 21), a
feature that is unique among LacI family repressors. Unlike all
other E. coli paralogues, for which binding of the regulatory
ligand,whether inducer or corepressor, is linked toDNA-binding
affinity, the intrinsic affinity of CytR for CytO is unaffected by
cytidine binding to CytR (19).

One approach to understanding the molecular mechanism(s) of
differential regulation in the CytR regulon has been to compare
the cooperative energetics of protein-DNA and protein-protein
interactions at the different promoters. The energetics governs the

distributions of ligation states of the various promoters. We
anticipate that varying distributions will correlate to differing
regulatory properties. We have reported previously on two
promoters, deoP2 and udpP (19, 22, 23). The most striking
difference we find is a very different pattern of cytidine-
mediated effects on CytR-CRP cooperativity. Whereas at
deoP2 cytidine binding to CytR essentially eliminates coopera-
tivity in the three-protein complex, at udpP it serves to eliminate
cooperativity only between CytR and CRP bound to CRP1.
Combined with differences in intrinsic binding affinities of the
individual transcription factors, this appears to underlie differ-
ent extents of cytidine-mediated induction.

We now report the energetics of CytR-CRP-DNA interaction at
the cytidine deaminase promoter (cddP), the CytR-regulated pro-
moter with the highest fold activation and highest fold repression.
Do differences in underlying protein-protein and protein-DNA
interaction energetics explain the unusually high extents of activa-
tion, repression, and induction of cddP? Quantitative DNase I
footprint titration was used to obtain the individual site isotherms
for binding of each regulatory protein to each site in cddP. Analysis
of these isotherms allowed us to obtain the individual site loading
free energy changes for each site of interaction, from which we
deduced the presence of both cooperative and competitive binding
interactions.Global analysis of these data according to amodel that
accounts for the individual and cooperative interactions yielded the
Gibbs free energy change for each.

This analysis yielded two striking results. First, the relative
affinities ofCRP for binding toCRP1 and toCRP2 are reversed as
compared to other CytR-regulated promoters; at cddP, the CRP1
site is the higher affinity site. This feature accounts for the unusual
effectiveness of CRP to activate expression of cytidine deaminase.
Second, cytidine binding to CytR generates a different pattern of
effects on CytR-CRP cooperativity from what is observed for
either deoP2 or udpP (19, 22). At cddP, cooperativity between
CytR and CRP bound to CRP1 is largely retained, while
cooperativity between CytR and CRP bound to CRP2 is largely
eliminated. This pattern of cooperative effects adds to the diversity
of cytidine-mediated allosteric effects in CytR and provides a
ready explanation for the different extents of induction of gene
expression as are observed. However, we can only speculate as to
the nature of the structural mechanisms that underlie the different
effects on CytR-CRP binding cooperativity.

MATERIALS AND METHODS

Reagents and Enzymes. Crystalline cAMP (>99% pure as
free base) and cytidine (>99% pure as free acid) were purchased

FIGURE 1: Upstream regulatory sequences of deoP2, udpP, nupGP, and cddP. CRP sites (CRP1 and CRP2) and the CytR operator (CytO) are
delineated by open boxes; CytR recognitionmotifs are shaded. The transition of twoG/C base pairs in CRP1 toA/T eliminates sequence-specific
binding by CRP to CRP1 to yield a promoter we designate CRP1-. Similarly, transition of the corresponding base pairs in CRP2 generates
CRP2-. Two additionalmutations were introduced to eliminate the possibility of sequence-specificCRP binding in an altered register shifted two
base pairs downstream.
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from Boehringer Mannheim and Sigma, respectively. Stock
solutions were prepared, and purity was assessed and concentra-
tion determined all as described previously (19). Bovine pancreas
DNase I (code DPRF fromWorthington) was stored in a buffer
containing 50 mM Tris (pH 7.20 ( 0.01), 10 mM MgCl2, 1 mM
CaCl2, 1 mM DTT, and 50% (w/v) glycerol. [R-32P]Deoxyribo-
nucleoside triphosphates (3000 Ci/mmol) were obtained from
PerkinElmer; unlabeled deoxyribonucleoside triphosphates were
purchased from Nitrogen. All other buffer components were of
electrophoresis grade or equivalent if available or of reagent
grade otherwise.
CRP and CytR Purification. Overexpression of CRP from

plasmid pPLcCRP1 (24) in E. coli strain K12 and purification to
at least 98% homogeneity have been described previously (19).
CRP concentration was estimated based on a calculated extinc-
tion coefficient, ε = 18400 M-1 cm-1 at 280 nm. Under the
reaction conditions used, the fraction of CRP in its active, site-
specific DNA-binding form in which cytidine is bound to one but
not both subunits, denoted as CRP(cAMP1), is 0.64 ( 0.2 (19).
CytR was expressed in E. coli strain BL21(DE3) and purified as
described previously (21). CytRprepared in thismanner is at least
95% pure as determined by electrophoresis on SDS-polyacryl-
amide gels in a reducing environment. The concentration ofCytR
was estimated based on an extinction coefficient at 276 nm of
9460 ((250) M-1 cm-1 (25).
Promoter DNA Preparation. The cdd promoter containing

DNA was obtained from E. coli strain K12 genomic DNA by
PCR. Primers were designed to amplify the 297 bp region from
-153 toþ144 relative to the cdd transcription start. The purified
PCR product was cloned into the Srf1 site of Stratagene PCR-
Script Amp SK(þ) plasmid to generate plasmid pMRcdd.
Promoter-containing DNA fragments (299 bp), generated by
restriction digestion with SmaI (at a site created by ligation of the
PCR product into the vector Srf I site) andBamHI, were purified
by agarose gel electrophoresis. The BamHI site was used for
32P labeling using the Klenow fill-in reaction (26).

Mutant promoters were designed to eliminate site-specific
CRP binding to either CRP1 (CRP1-) or CRP2 (CRP2-). The
transition of two G/C base pairs to A/T is sufficient to eliminate
site-specific CRP binding. We refer to these as reduced-valence
promoters. We also mutated a putative overlapping CRP2 site
shifted two base pairs downstream (6) at its corresponding G/C
base pairs. Base pair substitutions were generated using the
QuikChange site-directed mutagenesis kit from Stratagene and
the sequences (Figure 1) confirmed by dideoxy sequencing.
Individual Site Binding Experiments. Quantitative DNase

footprint titrations were conducted as described previously
(19, 22). The experiments with CRP contained 150 μM cAMP,
a concentration that maximizes the fraction of CRP in its active
form (0.64( 0.2) under these buffer conditions (19). The binding
buffer is 10 mM bistris, 100 mM NaCl, 0.5 mM each CaCl2 and
MgCl2, 1.0 mM NaN3, 50 g/L ovalbumin, and 1 g/L CT-DNA.
Binding reactions (250 μL) were incubated for at least 30 min in a
constant temperature water bath at 20.0 ( 0.05 �C prior to
addition of 6-12 ng of DNase I in a 5 μL volume. DNase I
reaction was quenched after 12.0 min by addition of 50 μL of
50 mM NH4EDTA and rapid mixing, followed immediately by
addition of stop solution (90% ethanol, 1 M ammonium acetate,
and 0.014% polymerized linear acrylamide) (19) at -80 �C. The
DNA was precipitated, and the pellets were washed in 80%
ethanol prior to being dissolved in 7 μL of gel loading solution
containing 90% USB stop solution, 5% 10� TBE, and 5%

ddH2O. DNA was separated by electrophoresis at 50 W for
approximately 1.5 h in 0.4 mm, 4% gels (Long Ranger single
pack from Cambrex; part no. 50694). Dried gels were imaged by
exposing a Molecular Dynamics (now GE) storage phosphor
screen for approximately 3 days. Images were scanned at 176 μM
resolution using aMolecular Dynamics PhosphorImager 435 SI.

The footprintswere first analyzedusing the programSAFA (27)
to delineate contiguous groups (or blocks) of bands that are
protected from DNase I cleavage resulting from transcription
factor binding to the individual operator sites. A 32P-labeled
100 base pair DNA ladder was used as a reference to aid in
identifying the promoter locations corresponding to these blocks.
Subsequently, each block was analyzed using Image Quant (v.5.2)
to obtain the individual-site fractional protection, as described
previously (28, 29). These data were first analyzed separately
according to

Pobs, i ¼ Po, i þ ðPmax, i - Po, iÞ eð-ΔGapp, i=RTÞ þ ln½L�

1þ eð-ΔGapp, i=RTÞ þ ln½L�

 !

ð1Þ
wherePobs is the fractional protection observed for binding site i at
the free protein ligand concentration [L], ΔGapp,i is the Gibbs free
energy change that corresponds to the apparent association
equilibrium constant for binding to site i (ΔG = -RT ln Ka),
and Po and Pmax are the baseline and maximum fractional
protection attained at site i (30). ΔGapp,i provides a reasonable
estimate of the individual site loading free energy change,
ΔGLoad,i (31), and its confidence limits (23). This model-indepen-
dent quantity reflects all interactions, including not only intrinsic
binding but also cooperative and competitive interactions resulting
from interactions at other sites (23, 31).

Subsequently, global analysis of the individual site CRP and
CytR binding data was conducted according to the model that is
defined by the promoter configurations described in Table 3. By
accounting for all of the data in a global analysis, we are able to
determine accurately the intrinsic affinities for each transcription
factor-DNA interaction and the contributions from coopera-
tivity, competition, and induction for each molecular configura-
tion of cddP. The relative probability, fs, of any single promoter
configuration is given by

fs ¼ eðð-ΔGs=RTÞ þ iln½CRPðcAMPÞ1� þ jln½CytR�ÞP
sij e

ðð-ΔGs=RTÞ þ iln½CRPðcAMPÞ1� þ jln½CytR�Þ ð2Þ

ΔGs is the sum of all free energy contributions for a given
configuration, s (Table 3); i and j are the stoichiometries of
bound CRP(cAMP)1 and CytR in configuration s, respectively.
The equation for binding of a protein, CRP(cAMP)1 or CytR, to
an individual site is obtained by summing fs over all configura-
tions in which that protein is bound to that individual site. To
obtain binding equations for the two reduced-valence operators,
CRP1- and CRP2-, configurations in which CRP(cAMP)1 is
bound to a mutated site were excluded from the summations.

Global analysis was performed as described previously
(19, 32). The nonlinear least-squares estimation was performed
using Igor Pro 5.05. Variances from the individual analyses of
each binding curve using eq 1 were used to calculate normalized
weights. Parameter confidence limits reported by Igor Pro are
computed from the curvature at the minimum assuming a linear
fitting model. However, the model described in Table 3 is
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nonlinear and features strongly correlated parameters. There-
fore, to estimate parameter confidence limits for the eightΔG’s of
this model, each of these parameters was varied systematically
while repeating the global analysis to estimate the remaining
parameters (bothΔG’s and Po,i/Pmax,i). The ratio of the variance
obtained for each such fit to the variance at the global minimum
was calculated. Ratios of variances were also separately calcu-
lated considering the data obtained for each binding site and set
of effectors, e.g., for binding of CytR to CytO of the wild-type
promoter in the presence of CRP and cytidine. The confidence
limits reported correspond to the more restrictive of two criteria:
(i) a ratio of variances for the global analysis corresponding to
Fstat at the 65% confidence interval or (ii) a ratio of variances for
any binding site and set of effectors corresponding to Fstat at the
95% confidence interval.

RESULTS

Analysis of Molecular Interactions at cddP. Our previous
analysis of the binding of CytR and CRP to the deoP2 and udp
promoters has highlighted unique aspects of these interactions
that appear to be related to differential regulation of the CytR-
regulated promoters. One surprise uncovered by our analysis of
deoP2 is that, in addition to its site-specific binding to CytO,
CytR also binds with weak specificity to satellite sites and that
this binding competes with CRP for binding to both CRP1 and
CRP2 (19). A second surprise uncovered by our analysis of udpP
is that the inducer cytidine does not eliminate all CytR-CRP
cooperativity, as it does at deoP2, but instead eliminates only the
pairwise interaction between CRP bound to CRP1 and CytR
bound to CytO (22). On the basis of these findings, we sought to
understand the pattern of molecular interactions at cddP because
this promoter features much higher levels of activation and
repression. Can this difference be readily explained by differences
in the underlying molecular interactions?
Footprint Titration of CytR Binding. CytR binding to the

cddP DNA fragment was analyzed by DNase I footprint titra-
tion. CytR binding protects an extended region of the promoter,
from about bp to -120 to þ10, measured relative to the trans-
cription start site (Figure 2A). This extended region of protection
includesCytO and both flankingCRP sites. In addition, there is a
clear hypersensitive region just distal to the CRP2 site, at
approximately -125 bp. On the basis of previous analysis of
CytR binding to both deoP2 and udpP, we anticipated that the
extended protection pattern reflects CytR binding to multiple
distinct sites in this region.

As a first step in the analysis of this protection, two footprints
were analyzed on an band-by-band basis using the software
program SAFA (Semi-Automated Footprint Analysis) (27) to
define the regions of protection corresponding to different sites of
CytR binding. SAFA uses automated band detection to quanti-
tate separately every band within a user-selected region. The
concentration dependence of each identifiable band, both pro-
tected and hypersensensitive, was fitted separately to the simple
binding model given in eq 1 to obtain ΔGapp (with confidence
intervals). Contiguous groups of bands that yielded indistin-
guishableΔGapp were interpreted to reflect the same local binding
event.

This analysis identified four distinct regions of protection
(Figure 2A). The highest affinity binding corresponds to the
location of theCytRoperator (CytO). Additional distinct regions
of protection that overlap CRP1 and CRP2 mimic the satellite

CytR sites identified in both deoP2 and udpP (19, 22). An
additional region of protection suggests a CytR site located just
downstream from the transcription start site.

Contiguous groups or “blocks” of bands corresponding to
each of these sites were analyzed using the program ImageQuant
as described previously (19). The footprint data shown in
Figure 2A were analyzed using eq 1 (Figure 2B) to obtain the
loading free energy changes for each of the individual site
interactions. As we have shown previously (19, 22), there are
no cooperative interactions between CytR dimers binding to
distinct locations. Therefore, each loading free energy change
so obtained is equivalent to the intrinsic free energy change for
CytR binding to the local site. Analysis of the experiment
represented in Figure 2 yielded intrinsic free energy changes of
-11.9( 0.1 kcal/mol for CytRbinding toCytO and-9.8(-0.4

FIGURE 2: CytR binding to the cddP regulatory region. (A) DNase I
footprint titration conducted under standard conditions shows in-
creasing protection as a function of CytR concentration in lanes
1-12. Lane 1 shows the cleavage pattern in the absence of CytR.
Protected regions corresponding to operator sites CRP1, CytO, and
CRP2 and to an additional promoter-proximal site (see text) are
labeled at right. These indicate the blocks of bands used for analysis
of CytR binding to these sites. (B) Individual site curves for CytR
binding to the cddP obtained by analysis of the data shown in (A).
Fractional saturation of CytO (9), CRP1 (2), CRP2 (1), and the
downstream site (b) is plotted as a function of log CytR dimer
concentration.Anarbitrarily small valuewas chosen to plot the value
from lane 1. Solid curves represent the individual analysis of the
protection data for each site according to eq 1; these yield apparent
individual site loading free energy changes equal to-11.9( 0.1 kcal/mol
(CytO),-9.8( 0.4 kcal/mol (CRP1),-9.7( 0.5 kcal/mol (CRP2),
and -10.1 ( 0.2 kcal/mol (downstream CytR site).
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and -9.7 ( -0.5 kcal/mol for binding to the sites overlapping
CRP1 and CRP2, respectively.

In addition to the wild-type cddP, experiments were also
conducted using reduced-valence promoters, CRP1- andCRP2-.
Consistent with our previous results (19, 22), introduction of these
base pair changes had no effect on CytR binding to nonmutated
sites. Table 1 summarizes results obtained from all ten experiments
conducted onwild type andCRP1- andCRP2- promoters. These
results indicate higher affinity for CytR binding to CytO at cddP
than for binding to CytO of either udpP (about 3-fold) or deoP2
(about 7-fold). The CytR binding affinity for the satellite sites
overlapping CRP1 and CRP2 is also 3-5-fold higher than for
the corresponding sites at deoP2, though similar to the CRP2 site
at udpP.

The fourth distinct region of protectionwas also analyzed. The
band resolution near the top of the gel is insufficient to define the
precise location of this CytR binding site. However, we note a
pair of sequences with close matches to the CytR half-site
consensus sequence located just downstream from the transcrip-
tion start site. These might constitute a specific CytR binding site
centered atþ13 bp, albeit with unusual spacing of five base pairs
between recognition half-sites. Analysis of this protected region
as shown in Figure 2B resulted in an intrinsic free energy change
for binding of -10.1 ( 0.2 kcal/mol.
Footprint Titration of CRP Binding. CRP binding to cddP

was also analyzed using DNase I footprint titration. Titration
experiments were conducted using both wild-type cddP and also
the CRP1- and CRP2- promoters. For both reduced-valence
mutants, the free energy change for binding to the nonmutated
site was indistinguishable from the value obtained for binding to
the wild-type cddP. We conclude on this basis, first, that the
particular base pair substitutions in the mutated sites have no
effect on binding to the nonmutated sites and, second, that
CRP binding is noncooperative. Both conclusions were drawn
previously fromour analysis of deopP2 and udpP (19, 22). Table 1
summarizes the combined results of experiments conducted on
wild type and CRP1- and CRP2- promoters. The CRP affinity
for CRP1 of cddP is about 10-fold higher than for CRP2. This
is the opposite order of affinity from that observed for other

CytR-regulated operators. It confirms a semiquantitative result
reported previously (3).
Analysis of Cooperative and Competitive Binding of

CRP and CytR. We evaluated the cooperative interactions
and competition between CytR and CRP as described pre-
viously (19, 22). This analysis requires two types of binding
experiments. First, binding by each protein alone towild type and
reduced-valence promoters is analyzed, as described just above.
Second, binding of each protein (CytR and CRP) to each
promoter is analyzed in the presence of a fixed and saturating
concentration of the other protein (CRP and CytR, respectively).
As a practical limit to saturating concentration, 0.1 μM dimer
was used for both CRP and CytR. This concentration of CytR
yields 98% saturation of CytO and about 60% saturation of each
of the CytR sites that overlap CRP1 and CRP2. The concentra-
tion of cAMP used in these experiments (150 μM) maximizes
the fraction of CRP dimer in the active form as CRP(cAMP)1
(0.64 ( 0.02) (19). At a concentration of 64 nM CRP(cAMP)1,
the fractional saturation exceeds 99% for both CRP1 and CRP2.

The individual-site loading free energy changes (ΔGLoad,i)
obtained from these experiments are summarized in Table 1.
These loading free energy changes include both the intrinsic free
energy change for protein binding to the local site and contribu-
tions from binding to all coupled sites, either cooperatively
interacting or competing. For a system in which only intrinsic
binding and cooperativity contribute, the difference between
ΔGLoad,i’s obtained for binding of either protein (CytR or CRP)
in the presence versus absence of the other yields the cooperativity.
Considering the values listed in Table 1 for CytR binding to CytO

Table 1: Loading Free Energy Changes for Binding of CRP and CytR to the cdd Regulatory Regiona

operator site

cdd valence titrant effectorb no. of exptsc CRP2 CytR at CRP2 CytO CRP1 CytR at CRP1

wild type CRP1- CRP2- CRP none 7 -12.4( 0.4 -13.8( 0.3

wild type CRP1- CRP2- CytR none 10 -9.6( 0.5 -11.5 ( 0.2 -9.7( 0.2

wild type CRP CytR 2 -12.8( 0.1 -13.7( 0.2

CRP1- CRP CytR 2 -13.3( 0.1

CRP2- CRP CytR 3 -14.1( 0.1

wild type CytR CRP 4 -13.2( 0.3

CRP1- CytR CRP 2 -13.4( 0.4

CRP2- CytR CRP 3 -13.3( 0.3

wild type CRP CytR, cytidine 3 -12.2( 0.3 -14.3( 0.3

CRP1- CRP CytR, cytidine 2 -12.1( 0.0

CRP2- CRP CytR, cytidine 2 -14.5( 0.03

wild type CytR CRP, cytidine 5 -12.9( 0.4

CRP1- CytR CRP, cytidine 2 -12.3( 0.2

CRP2- CytR CRP, cytidine 2 -12.8( 0.1

aFree energy changes for saturation of cdd operators with either CRP(cAMP)1 or CytR in the presence or absence of effector ligands are as indicated. Values
of ΔGl (in kcal/mol) were obtained by separate analysis of individual site binding curves as described in the text. bEffector concentrations: CRP, 0.1 μM (total
dimer); cAMP, 150 μM; CytR, 0.1 μM (dimer); cytidine, 2 mM. cΔGLoad,i values are shown as the means of multiple determinations ((SD). The number of
separate experiments represented in the means reported is indicated.

Table 2: Apparent Cooperativitya As Assessed by Differences in Indivi-

dual Site Loading Free Energy Changes Described in Table 1

titrant ΔGapp123 ΔG13app ΔG23app

CytR -1.7( 0.4 -1.8( 0.4 -1.9( 0.4

CRP -0.3( 0.4 -0.3( 0.4 -0.9( 0.4

aΔGapp,ij(k) values calculated as model-independent values are the dif-
ferences in ΔGl values given in Table 1. These apparent free energy changes
are associated with pairwise and three-way cooperativity as defined by the
model in Table 2. Confidence levels are estimated by error propagation.
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of the wild-type cddP, this analysis suggests a total cooperative
free energy change of -1.7 kcal/mol.

In principle, the same value should be obtained by summing
theΔ(ΔGLoad,i) values for CRP binding to CRP1 and to CRP2 in
the presence versus absence of saturating CytR. The results of
this simple analysis (Table 2) clearly contradict this expectation.
The reason for this is that competition between CRP for binding
to CRP1 and CRP2 and CytR for binding to satellite sites that
occlude CRP1 and CRP2 complicates this simple analysis.
Competition contributes differently to ΔG1 and ΔG2 for CRP
binding to CRP1 and to CRP2 in the presence of fixed CytR
concentration than it does to ΔG3 for CytR binding to CytO in
the presence of fixed CRP concentration. This has the effect that
the apparent cooperativity evaluated from CRP titrations in this
manner is almost negligible, an effect noted also and evaluated
extensively in our analysis of deoP2 and udpP (19, 22). As a
consequence of these effects, dissection of the energetics to obtain
the intrinsic binding and cooperative free energy changes requires
global analysis of all of the titration experiments according to the
appropriate molecular model that accounts for all contributing
configurations of the promoter.
Global Analysis. The molecular model defined by the

promoter configurations listed in Table 3 accounts for CRP
binding to CRP1 and to CRP2 and for CytR binding to CytO,
with both pairwise and three-way CytR-CRP cooperativity. In
this model, binding of CytR at the sites overlapping CRP1 and
CRP2 and of CRP binding to CRP1 and CRP2 is mutually
exclusive. The model neither implies nor requires specification of
the specific location of the occluding CytR sites. Although CytR
binds to an additional site located just downstream from the
transcription start site as noted above, there is no interaction
between CytR binding to this site and CytR/CRP binding to
CRP2, CytO, and CRP1. Since binding to this site is fully
described by the intrinsic binding free energy change alone, this
site is not included in the model presented in Table 3. In addition,

we note that the mutations used to create the reduced-valence
CRP1- and CRP2- promoters resulted in a 2-3-fold increase in
CytR binding affinity for the competing sites in both cases.
However, because CRP does not bind to the mutated sites, hence
there is no competition, this effect is not coupled to the inter-
actions with the remaining operator sites and so need not be
included in the model.

Figure 3 shows the binding curves that result from the global
analysis of 48 experiments represented in Table 1 according to
thismodel. The χ2 value obtained in this weighted fit is 2.3. This is
higher than χ2 values obtained from the analogous global
analyses of deoP2 and udpP. However, it is consistent with the
reproducibility between repeated footprint titration experiments.
So, for example, when all of the experiments represented in either
of the first two lines of Table 1 (i.e., only intrinsic binding to each
of the operator sites) were analyzed globally, χ2 values obtained
for each of the individual sites ranged from close to 1 to almost 4.
The curves obtained from the complete global analysis fit the
titration data well for each operator site and for each protein and
combination of effectors, as evidenced by residuals that are
nearly randomly distributed in every case (Figure 3) from which
we conclude that the model presented in Table 3 is an adequate
depiction of the molecular interactions in this system.

This analysis did not fit the protection data for CytR binding
to the satellite sites that overlap CRP1 and CRP2. Relatively
weak binding affinity and limited range of CytR concentration
led to poorly defined protection upper end points in most
titrations of these sites. When these data were included in the
analysis, these end points were unbounded. However, the values
obtained for ΔG4 and ΔG5,-9.6( 0.7 kcal/mol and-9.6 (þ0.5,
-0.6) kcal/mol, respectively, are indistinguishable from ΔGLoad,i

obtained for these sites (Table 1). In addition, when these data
were not included in the analysis but ΔG4 and ΔG5 were fit as
adjustable parameters, these same values were obtained. Thus,
defining these sites thermodynamically, by their effect on the

Table 3: Configurations and Free Energy States for CRP and CytR Binding to the cdd Promoter

binding sitesa

CRP2 CytR at CRP2 CytO CRP1 CytR at CRP1 free energy contributionsb free energy state

1 O O O O O reference state ΔGs,1

2 O O O CRP O ΔG1 ΔGs,2

3 CRP O O O O ΔG2 ΔGs,3

4 O O CytR O O ΔG3 ΔGs,4

5 O O O O CytR ΔG4 ΔGs,5

6 O CytR O O O ΔG5 ΔGs,6

7 CRP O O CRP O ΔG1 þ ΔG2 ΔGs,7

8 O O CytR CRP O ΔG1 þ ΔG3 þ ΔG13 ΔGs,8

9 O CytR O CRP O ΔG1 þ ΔG5 ΔGs,9

10 CRP O CytR O O ΔG2 þ ΔG3 þ ΔG23 ΔGs,10

11 CRP O O O CytR ΔG2 þ ΔG4 ΔGs,11

12 O O CytR O CytR ΔG3 þ ΔG4 ΔGs,12

13 O CytR CytR O O ΔG3 þ ΔG5 ΔGs,13

14 O CytR O O CytR ΔG4 þ ΔG5 ΔGs,14

15 CRP O CytR CRP O ΔG1 þ ΔG2 þ ΔG3 þ ΔG123 ΔGs,15

16 CRP O CytR O CytR ΔG2 þ ΔG3 þ ΔG4 þ ΔG23 ΔGs,16

17 O CytR CytR O CytR ΔG3 þ ΔG4 þ ΔG5 ΔGs,17

18 O CytR CytR CRP O ΔG1 þ ΔG3 þ ΔG5 þ ΔG13 ΔGs,18

aBinding sites are listed in columns 2-6 corresponding to the order, from promoter distal to promoter proximal, on the DNA. Each table row, 1-18,
describes a particular configuration of protein-bound (filled) and empty sites. CRP andCytR designated filled sites according to the transcription factor bound;
O designates empty sites. bThe total Gibbs free energy of each configuration relative to the unliganded reference state is given as a sum of contributions from
five free energy changes for intrinsic binding of CRP and CytR and three free energy changes for cooperative interaction between liganded sites. Subscripts
denote the liganded sites: 1, CRP1; 2, CRP2; 3, CytO; 4, CytR site(s) that overlap(s) and occlude(s) CRP1; 5, CytR site(s) that overlap(s) and occlude(s) CRP2.
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coupled energetics for binding of CytR and CRP to their
primary operators, but without regard to any particular sequence
of DNA, generates parameter values that are indistinguishable
from those obtained from the protection actually observed. To
validate further the importance of competition, ΔG4 and ΔG5

were held fixed at 0 kcal/mol. The resulting parameters do not
describe the data well for CRP2 and CRP1 in the presence and
absence of CytR, respectively. These observations provide strong
support for the molecular model.

Based on these results,ΔG4 andΔG5 were held fixed as equal to
-9.6 kcal/mol to generate the parameter estimates shown in
Table 4 and the curves shown in Figure 3. The values of ΔG1,
ΔG2, andΔG3 are statistically indistinguishable from theΔGLoad,i

values listed in Table 1 for CytR binding alone to CytO and for
CRP binding alone to both CRP1 and CRP2. ΔG13 and ΔG23,
which represent pairwise cooperative interactions between
CRP and CytR at cddP, yielded values (-1.0 ( 0.4 kcal/mol
and -1.7 ( 0.4 kcal/mol) that are very similar to what was
obtained for both deoP2 (-1.4 kcal/mol and-1.5 kcal/mol) and
udpP (-1.4 kcal/mol and -1.3 kcal/mol) (19, 22). These simila-
rities suggest that neither operator sequence differences, spacing
between CytO half-sites, nor variations in the location of CytO
between CRP1 and CRP2 strongly affect the pairwise inter-
actions between unliganded CytR and CRP. There does appear

to be an effect on the way in which these pairwise interactions

combine to yield the three-way cooperative interaction, ΔG123.
The value we obtain for cddP (-1.5 (þ0.4, -0.3) kcal/mol;

Table 4) is less cooperative than both udpP (-2.3 ( 0.3 kcal/

mol) (22) and deoP2 (-3.1 ( 0.4 kcal/mol) (19).
Effect of Cytidine Binding to CytR on Cooperativity.

While regulatory ligand binding to most LacI family proteins is
coupled intrinsic DNA-binding affinity, in CytR, cytidine binding
is coupled to protein-protein cooperativity and not to intrinsic
protein-DNA-binding affinity. The lack of effect on intrinsic
DNA binding was verified by control experiments at cddP.

FIGURE 3: Individual site isotherms for binding of CytR and CRP(cAMP)1 to cddP. (A) Binding of either CRP(cAMP)1 alone or of CytR alone.
The data shown reflectmultiple experiments that includewild-type cddP and also reduced-valenceCRP1- andCRP2-mutant promoters. (B-D)
Simultaneous binding of CRP(cAMP)1 and CytR. In separate experiments, the concentration of each protein is varied in the presence of a
constant concentration of the other. Each panel represents a different promoter: (B) CRP1-; (C) wild type; (D) CRP2-. Symbols denote the
different binding interactions: 1, CRP binding to CRP1; 2, CRP binding to CRP2; 9 CytR binding to CytO;[, CytR binding to the CytR site
located at CRP1; b, CytR binding to the CytR site located at CRP2. The solid curves represent the global analysis of all data according to the
model defined in Table 2. Residuals from the global analysis are shown below each panel.

Table 4: Global Analysis of Individual Site Binding Data Represented in

Table 1 according to the Model Described in Table 2

parameter valuea

ΔG1 -13.6 ( 0.2

ΔG2 -12.2 ( 0.3

ΔG3 -11.6 ( 0.2

ΔG13 -1 ( 0.4

ΔG23 -1.7 ( 0.4

ΔG123 -1.5 (þ0.4, -0.3)

sb 0.054

aAsymmetric confidence limits are noted separately in parentheses where
applicable. bSquare root of the variance of the fitted curves.
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In order to analyze the effect of inducer binding to CytR on
CytR-CRP cooperativity, a second set of experiments was con-
ductedwith cytidine-ligandedCytR and global analysis performed
as described above. Figure 4 compares results for binding of
unliganded versus cytidine-liganded CytR to CRP-liganded cddP.
Loss of cooperativity is evidenced by the rightward shift of the
titration curves for cytidine-liganded CytR. A large effect is
observed in the case when CRP is bound to CRP2 but not to
CRP1 (reduced-valence CRP1- cddP), suggesting a substantial
decrease in pairwise cooperativity, ΔG23. In contrast, there is
essentially no effect whenCRP is bound toCRP1 but not toCRP2
(reduced-valence CRP2- cddP) and only a small effect when CRP
is bound to both sites (wild-type cddP).

The parameter values obtained from the model-dependent
global analysis are presented in Table 5. These bear out the
qualitative observations from Figure 4: ΔΔG13 and ΔΔG123

values are approximately zero within the confidence intervals
reported, while ΔΔG23 indicates nearly complete loss of pairwise
cooperativity. This represents a third pattern of cytidine linked
effects as compared to deoP2, for which both pairwise coopera-
tive interactions are essentially eliminated, and udpP, for which
pairwise cooperativity is lost for CRP1 but retained for CRP2.

DISCUSSION

The combinatorial assembly of multiple transcription factors
is a primary mechanism of gene regulation in all organisms. The
CytR regulon provides an ideal model to study combinatorial

gene regulation because the number of transcription factors
involved is quite small, only two, yet the extents of activation,
repression, and induction vary substantially between the different
promoters whose architectures are very similar. Coordinate gene
regulation is achieved by nesting local repression by the LacI
family member, CytR, on the global activation mediated by
CRP. The interactions between these two transcription factors
are modulated by the scaffolding effect of slightly different
arrangements of regulatory elements. As shown in Figure 1,
the locations of the CRP sites are roughly the same for all three
promoters. The differences between the promoters are in regard
to the location and half-site spacing of the CytR operator sites.
The result of these differences in promoter architecture is wide-
ranging levels of regulation at each of the class III promoters.

The molecular basis for combinatorial gene regulation is the
site-specific and typically cooperative assembly of gene regula-
tory, protein-DNA complexes, a process that is governed by the
energetics of the individual protein-DNA, protein-protein, and
protein-ligand interactions. TheDNase I footprint method used
here provides a unique experimental signal for each local inter-
action. By analyzing these titration data with a quantitative
model that accurately accounts for all interactions, we have been
able to determine intrinsic free energy changes both for intrinsic
transcription factor binding toDNA and for the cooperative and
competitive interactions between the transcription factors. With
this information, the distributions of ligation states of each of the
promoters under physiologically relevant concentrations of CRP
and CytR are easily computed. It should be possible to infer
which ligation states are functionally important for activation
and repression by correlating the different distributions to the
different regulatory properties of the promoters.

The first important result obtained in this regard is that CRP1
is a much higher affinity site than CRP2 in cddP, exactly the
opposite of the situation in both deoP2 and updP. This of course
is evident directly from the loading free energy changes compiled
in Table 1, completely independent of any model-dependent
analysis. The consequences of this fact on the distribution of
CRP-bound states (assuming no CytR binding) are plotted as a

FIGURE 4: Effect of inducer cytidine on cooperative binding of CytR
to cddP. CytR binding to CytO in wild-type (9), CRP1- (2), and
CRP2- (1) cddP in the presence of saturatingCRP(cAMP)1 (64 nM)
and cytidine (2mM). The solid curves represent the global analysis of
the binding data to the model described in Table 2 as described in the
text. The dashed curves are the isotherms fromFigure 3 for binding of
apo-CytR to these same sites under the same conditions.

FIGURE 5: Comparison of the distributions of CRP ligation states of
cddP and udpP calculated using the free energy changes for binding of
CRP(cAMP)1 to CRP1 and CRP2 as described in the text. The solid
symbols denote cddP and the open symbols, udpP. Squares denote
CRP1 filled and CRP2 empty; circles, CRP2 filled and CRP1 empty;
triangles, both CRP1 and CRP2 filled. Because CRP1 and CRP2
mediate different activation mechanisms, the symbols can also be
considered to indicate activationmechanisms as follows: (9,0) cddP
and udpP class II, respectively; (b, O) cddP and udpP class I,
respectively; (2,4) cddP and udpP class III, respectively. The pattern
of activation of deoP2 would be roughly similar to udpP and not
cddP.Table 5: Global Analysis of Individual Site TitrationData Including Those

with Cytidine Present As Represented in Table 1 according to the Model

Described in Table 3

parameter valuea

ΔΔG13 -0.2 (þ0.2, -0.3)

ΔΔG23 þ1.1 ( 0.4

ΔΔG123 þ0.2 ( 0.4

sb 0.054

aAsymmetric confidence limits are noted separately in parentheses where
applicable. bSquare root of the variance of the fitted curves.
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function of CRP-cAMP concentration in Figure 5. As glucose is
systematically replaced as the primary carbon source, the intra-
cellular cAMP concentration increases, resulting in the changing
distribution of CRP-bound states from left to right in the figure.
CddP with CRP-cAMP bound to CRP1, but not CRP2, accu-
mulates to a high level, becoming the predominant species at
intermediate cAMP concentration. CRP2 fills only at higher
cAMP levels and almost entirely to promoters in which CRP1 is
already filled; the 10-fold difference in intrinsic binding affinities
results in only a negligible fraction of CRP2-filled, but CRP1-
empty, cddP. Figure 5 also shows the distribution for udpP;
though not shown, deoP2 is similar. At these promoters, it is
CRP2-filled but CRP1-empty that accumulates at intermediate
cAMP concentration. The 10-20-fold affinity difference between
the sites results in a negligible fraction of CRP1-filled, CRP2-
empty.

The significance of this difference is easily understood in the
context of the dual transcriptional activation mechanisms
mediated by CRP. The class I activation mechanism that CRP
utilizes when bound to CRP2 recruits RNAP via an interaction
between the promoter proximal subunit of the CRP dimer and the
polymerase R-CTD. The class II mechanism that CRP utilizes
when bound to CRP1 also features this interaction, although in
this case with the promoter distal subunit of bound CRP. But, in
addition, a second surface of the promoter proximal subunit CRP
interacts with the R-NTD, which activates the polymerase allos-
terically to increase the rate of open complex formation (17, 33).

The CytR-regulated class III promoters combine both class I
and class II mechanisms, presumably to confer the greatest
variation in CRP-mediated activation. However, the ways in
which class I and class II mechanisms of activation combine to
yield such variable class III activation has not been investigated
thoroughly. Our results illustrate one very simple way to generate
variable class III activation, the basis of which is found in
reporter gene studies using synthetic class III promoters that
indicate more than an order of magnitude higher fold activation
from the class IImechanism than from the class Imechanism (34).
This would necessarily lead to a two-step activation mechanism
at both deoP2 and udpP: first, a relatively modest activation due
to the initial recruitment of RNAP by CRP bound at CRP2. As
the higher affinity of the two operators, CRP2 fills first most of
the time at these two promoters. This generates a class I
activation mechanism. This is followed by strong allosteric
activation as CRP subsequently fills CRP1, the lower affinity
of the two CRP sites at these promoters. The allosteric mechan-
ism is class II.However, sinceCRP2 fills firstmost of the time, the
result of CRP1 filling typically results in both class I and class II
activation; this combination is what we refer to as class III. In
addition, concomitant with CRP binding to CRP1, CytR will
tend binding to CytO, due to its recruitment by the strong three-
way cooperative interactions. This two-step activation mechan-
ism is responsive to a wide range of cAMP concentrations but is
also repressed well before attaining its maximum potential.
Consistent with this expectation, activation is limited to only
about 30� at deoP2 and 50� at udp (2, 35-38).

Activation at cddP is much different from this as a result of the
opposite order of affinity for CRP binding to CRP1 and CRP2.
At cddP, initial binding of CRP to is primarily to CRP1 where it
will activate via a class II mechanism. Consistent with expecta-
tions that the class II mechanism yields strong activation, CRP1
alone is reported to generate ca. 225-fold activation of cddP
whereas CRP2 alone generates much weaker activation (2, 3).

Consequently, the subsequent binding of CRP to CRP2 should
contribute only a relatively modest increment to the overall
activation, and even this would be muted to a substantial extent
as a result of concomitant recruitment of CytR to CytO that
results from the strong three-way cooperativity. The overall
result expected is robust and essentially single-step activation
asCRP1 fills, followed by repression asCRP2 andCytOboth fill.
Not only is the relative affinity of CRP higher for CRP1 than for
CRP2, but also the absolute affinity of CRP for CRP1 is
unusually high. CRP1 of cddP exhibits the highest affinity for
CRP of any site in CytR-regulated promoters. On this basis,
cddP would be expected to be the first CytR-regulated promoter
to respond to elevated cAMP concentration and to exhibit the
strongest activation. Consistent with these expectations, cddP
exhibits the highest level of activation in vivo, reported to be
roughly 950-fold with glycerol as a carbon source (2, 3).

Another significant observation of the cddP footprints is the
unusually high affinity for CytR binding, both to CytO (Table 4)
and also to the site located just downstream from the transcrip-
tion start site (Figure 2). CytO at cdd is the highest affinity CytR
binding site investigated so far. The combination of relatively low
affinity of CRP2, high affinity of CytO, and greater CytR-CRP1
and three-way than CytR-CRP1 cooperativity (Table 4) assures
that CytO fills essentially concomitant with CRP2. If the
unusually high affinity for CRP imparts both high sensitivity
to cAMP concentration and also contributes to high levels of
CRP-mediated activation, the high affinity for CytR binding to
CytO counteracts this with high sensitivity repression, thus
making cddP both the first to turn on and the first to shut off
of the CytR-regulated promoters. CytRbinding that occludes the
transcription start site has also been found in deoP2 but with
nearly an order of magnitude lower affinity (19). The unusually
high affinity CytR site occluding the cdd transcription start site
presumably confers another level of repression of the very strong
CRP-mediated activation. The net result is that CytR is similarly
effective at reversing the robust CRP-mediated activation at cddP
as it is at reversing the much weaker activation of other
promoters.

CytR is unique among LacI/GalR family members in that
binding of its regulatory ligand, cytidine, is linked not to DNA-
binding affinity but instead to the cooperative interactions
between CytR bound at CytO and CRP bound to CRP1 and
CRP2. This loss of cooperativity is what underlies induction of
transcription. Previously, we have found profoundly different
effects of cytidine binding on cooperativity. At deoP2, coopera-
tivity is largely eliminated (19). Since cooperativity contributes
over 2 orders of magnitude to the effective affinity for CytR
binding, the effect is simply analogous to a decrease in intrinsic
DNA-binding affinity. Induction would be easily understood to
be the result of decreased occupancy of CytO by CytR. At udpP,
however, the pairwise interaction between CytR and CRP bound
to CRP2 is essentially unaffected (22). The pairwise interaction
between CytR and CRP bound to CRP1 is greatly reduced, but
because CRP2 is the weaker site and as such is rarely occupied by
itself, the reduction in pairwise CytR-CRP2 has a negligible
effect. In addition, because the pairwise CytR-CRP2 and CytR-
CRP1 cooperative interactions are not additive, the three-way
CRP-CytR-CRP cooperative interaction is only modestly af-
fected (ΔΔG123 = þ0.8 ( 0.4 (22)). It seems fairly evident that
this difference, accounting for only about a 3-fold effect on
affinity, is insufficient to account for induction simply on the
basis of reduced CytO occupancy.
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Our cddP data demonstrate yet a third pattern of effects on
cooperativity, in which the pairwise interaction between CytR
and CRP bound to CRP1 is completely unaffected while the
pairwise interaction between CytR and CRP bound to CRP1 is
greatly reduced. Again, it is pairwise cooperativity with the
weaker of the two CRP sites that is affected, and again, because
the pairwise cooperative interactions are nonadditive, there is no
discernible effect on three-way cooperativity (Table 5). The
effective affinity of CytR for CytO (in the presence of CRP) is
only 1.2 times higher than cytidine-liganded CytR, yet induction
is fairly robust, accounting for a roughly 20-fold increase in
transcription according to reporter gene assays (21). The con-
clusion that CytO occupancy alone does not account for repres-
sion seems inescapable. We propose instead that the CytR-CRP
interactions themselves are critical to CytR-mediated repres-
sion. Either competition between CytR and RNAP for inter-
action with CRP is the main mechanism of repression, with
RNAP-DNA interactions being essentially ancillary, or cytidine-
liganded CytR remains bound to the DNA in a conformation
which prevents CytR from acting as an allosteric antiactivator of
either or both of the flanking CRP molecules. The result is that
CRP may still be able to activate transcription via a class I or
class II mechanism or a combination of both.

The work presented here demonstrates that there are more
possibilities for transcriptional control than expected at this
system. First, the pattern of synergistic activation due to CRP
binding at both sites changes when CRP binds to the CRP1 site
first. Second, wewere surprised to find that CytR acts as a typical
bacterial repressor by binding with high affinity to a region
overlapping the RNAP binding site. Third, by binding to the
CytR operator with high affinity, CytR acts as an antiactivator at
lower CytR concentrations and recruits CRP at lower CRP
concentrations.

Finally, the effect of the inducer cytidine is now known to
allow for CRP1-mediated activation as at cddP, for CRP2-
mediated activation as at udpP, or no activation from either
CRP1 or CRP2 as at deoP2. The molecular mechanism that
underlies these differing behaviors is clearly a significant issue.
Although the data presented herein do not address this, some
speculation is possible. The differences in behavior must reflect
differences in either promoter architecture or sequence, with the
former seeming more likely. Referring to Figure 1, one substan-
tial difference in promoter architecture is that the number of base
pairs that separate the inverted repeats in CytO varies quite
dramatically from zero base pairs in deoP2 to nine in nupG.
Previously, we have shown that this spacing affects the CytR
binding mode, i.e., generating what we interpret to be a rigid
conformation bound to CytO at deoP2 to a dynamically flexible
conformation bound to CytO at nupG (25, 39).We speculate that
these different conformational modes restrict interactions be-
tween bound DNA-bound CytR and DNA-bound CRP in ways
that are reflected in the different effects of cytidine binding to
CytR in CytR-CRP cooperativity. Evaluating this hypothesis is
the subject of our continuing investigations.
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