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ABSTRACT. Escherichia colicAMP receptor protein (CRP) controls more than 20 genes. There are
significant differences in the promoter regions in these genes. Thus, an elucidation of the mechanism of
CRP action requires knowledge about the mode of selectivity in these promoters. An earlier study [Heyduk,
T., & Lee, J. C. (1990Proc. Natl. Acad. Sci. U.S.A. 81744-8] indicates that the CRP(cAMPyonformer
exhibits the highest affinity for thiac PI site in thelac operon. It is conceivable that the CRP conformer

that binds with the highest affinity to these other sites may not be CRP(CAMR) investigate this
possibility, the binding of CRP to nine CRP binding sites was studied as a function of CAMP concentration.
The CRP binding sites employed in this investigation were chosen to represent the primary promoter
sites from class Il&c site PI) and class Il (sites Pl gl andcrp) as well as secondary CRP binding sites

(crp site PIl andcat PII) to further understand the molecular mechanism of CRP in controlling the
transcription of these bacterial genes. The affinity of CRP for three synthetic CRP binding sites was also
examined to explore the contribution of the inverted repeat region and sequences surrounding the recognition
motifs. The synthetic sequences gadlac which contains théac recognition motifs in the background

of gal, modified cat Pl which contains an 8-base pair spacer between the recognition motifs rather than
the 7-base pair sequence naturally foundanPll, and a random sequence that has no known similarity

to any CRP binding site found in nature. The apparent affinities of these sequences for CRP were
quantitatively determined to be biphasic in their cAMP dependence. The CRP(cAldffprmer was

found to have the highest affinity for all of the DNA sequences examined. No specific affinity was
observed for these sequences with free CRP and CRP(cAMM)e affinity of CRP for DNA was
sequence-dependent and increased in the following order: rardoat site Pll, modifiedcat site PII,

crp sites Pl and Pli< gal site Pl < lac site Pl < gallac. These results indicate that the entire CRP
binding site sequence and its natural variability provide information to CRP. These promoter sites which
appear to have different mechanisms at the molecular level are transcriptionally controlled by the same
CRP conformer, CRP(cCAMP) Thus, the regulation of transcription by CRP is more subtle than choosing
different conformational forms of CRP. Using “physiological” concentrations of various components, a
computer simulation study was conducted to illustrate the possible consequences of the thermodynamic
parameters determined in this study. It is evident that the promoters of protein systems regulating the
transport and metabolism of carbohydrates are responsive to low cAMP concentrations. However, the
promoter for controlling the expression of CRP is highly regulated by the fluctuation of cCAMP concentration.

The mechanisms of how the ubiquitous cAMP receptor molecules contribute to the complexity of the molecular
protein, CRP, controls transcription iEscherichia colhave mechanisms of CRP action. CRP is allosterically controlled
received a great deal of attention from a variety of approachespy cAMP, and the binding of cCAMP to CRP is negatively

such as structural, genetic, and solution studies [for reviews, cogperative in nature. The three solution conformers of CRP
see de Crombruggtet al.(1984), Crothers and Steitz (1992), ot have been detectetuitro are free CRP, CRP(cAMR)

and Kolbet al. (1993)]. However, the molecular mecha- and CRP(CAMP), and they have been shown to exhibit
nisms by which CRP regulates transcription and selects the . . L0

specific promoter from among the more than 20 CRP- d|fferer_1t_ solution properties vitro (Heydu_k&Lge, 1989).
dependent promoters are still unclear. Solution studies of N addition, three classes of CRP binding sites on DNA
CRP and DNA have indicated that the properties of both whose overall mechanisms may differ from one another at
the molecular level have been identified (Ebright, 1993; Zhou
t This work was supported by the Robert A. Welch Foundation €tal, 1994). The common feature shared by all three classes
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polymerase binding site. Thus, activation and repression ofto CRP in the presence of cAMP and that CRP binding to
gene expression is possible and is due to the interaction ofsite Pll results in transcription afrp mRNA with concomi-
CRP with DNA. Class Il binding sites can be either activated tant reduction in the synthesis of the divergent promoter
or repressed by CRFDNA complex formation, while (Hanamura & Aiba, 1992). Synthesis ofp mRNA and
interaction of CRP with class | binding sites can only induce the divergent mRNA were shown to differ in their cCAMP
transcriptional activation. The third class of CRP binding and CRP requirements both witro andin zivo. These
sites requires another regulatory protein, and the CRP bindingresults imply that a different mechanism may be responsible
sites are located at various distances from the transcriptionalfor the activation and repression of thep gene.
start site. Therefore, the mechanisms of transcriptional These diverse observations that are detected in different
control by CRP for class Ill sites are more complex than CRP-dependent promoters lead to an obvious question on
those for sites in classes | and II. promoter selectivity by CRP. How does CRP select the
Furthermore, it is common to find two CRP binding sites correct promoter? There are at least three potential modes
for promoters in class | and Il. These sites are designatedthat CRP can adopt in exercising promoter selection: binding
as CRP binding sites PI and PIl. Binding of CRP to a affinity of CRP to promoter is DNA sequence-dependent,
secondary site usually results in transcription of a divergent the number of cAMP molecules bound to the homodimeric
promoter. However, there are cases where the opposite iSCRP may dictate the specific promoter to which the CRP
true, such as in therp gene, in which CRP represses the binds, and the induced DNA bending differs among these
transcription of its own gene (Okamoto & Freundlich, 1986; promoters. Previous studies have shown that CRP(CAMP)
Aiba, 1983). The sequences of CRP binding site Pl usually has the highest affinity for thisc—CRP binding site while
contain the conserved TGTGA motif which is separated from CRP(cAMP) and free CRP exhibit very weak or no affinity
a variable inverted repeat sequence by a spacer. The spacdbr sequence specific DNA, respectively (Heyduk & Lee,
sequence and the sequences outside the conserved antb90). It is conceivable that different classes of promoter
inverted repeat motifs vary considerably from one promoter interact with different conformers of CRP.
site to another. In addition, the length of the spacer is also  The mode of promoter selectivity is a central issue in CRP
variable. The length most commonly found is 6 base pairs fynction, and current knowledge does not provide adequate
(bp); however, there are some that have 7 or 8 and possiblyjnformation to address this issue. Therefore, the cAMP
9 base pairs between the recognition motifs (Barber & gependence of CRP binding tac site PI,gal site PI,crp
Zhurkin, 1990; Barbeet al, 1993). The sequences of CRP  gjtes P| and PII, andat PIl (catabolite aminotransferase
binding site PIl frequently have more sequence variability nromoter site; Le Griceet al, 1982) was quantitatively
than site Pl sequences, and often the characteristic TGTGAgetermined (see Figure 1). In addition to determining the
motif is not as well-conserved. cAMP dependence of CRP binding to the binding sites of
These natural variations observed in the promoter sites|ac, gal, andcrp, the binding of CRP to three synthetic sites
may affect the interaction of CRP with DNA. It has been \yas also investigated to further understand the effect of the
shown that nucleotide substitutions in the recognition motifs pNA sequence on CRPDNA interactions. These other
will affect the association and dissociation constants of CRp binding sites were chosen to quantitatively investigate
CRP-DNA complexes. Changing the inverted repeatin the the effect of the recognition motifs, spacer length, and
lac sequence from TCACT to TCACA increased the apparent sequences outside the recognition motifs on the affinity of
binding affinity of CRP by 17-fold (Gartenberg & Crothers, CRP for DNA. In addition, a sequence generated by random

1988). It has been shown from filter binding assays that nympers was employed to measure the affinity of CRP for
the Berg and von Hippel consensus binding site (ICAP) binds 4 totally random, nonspecific sequence.

CRP ~450 times greater than the natulat promoter site

binding to the protein (Ebrightt al,, 1989). Furthermore,  MATERIALS AND METHODS

gel mobility shift assays have determined that the apparent ] ) )

affinity of CRP for thegal sequence is-5-fold lower than Materials Deprotected and desalted oligodeoxyribonucle-

that oflac for CRP (Kolbet al, 1983). Dissociation of CRP  ofides were purchased from Genosys, or they were synthe-

complexed tdac, gal, and ICAP were measured by addition Sizéd using-cyanoethyl phosphoramidite chemistry on a

of nonspecific DNA. It was found that the lifetimes for the Beckman Oligo1000. The fluorescent probe, 7-(diethyl-

lac—CRP, gal—CRP, and ICAP-CRP complexes were 8 amino)-3-(4-maleimidylphenyl)-4-methylcoumarin (CPM)

min, 1 min, and>2 h, respectively (Gastoet al, 1988). In was purchas_ed from Molecular Probes. Other reagents and

an extensive study, Dalma-Weiszhaesal. (1991) showed buffer'materlals were purchased from Beckman, Sigma, or

that the binding affinity of CRP to DNA depends on the Boehringer Mannheim.

sequence of the distal binding domain. There is a correlation Methods Concentrations of solutions employed in this

between binding affinity and extent of bending. This study were determined from the absorption spectrum using

evidence shows that the sequence variability is a contributingthe following extinction coefficients: CRP monomer at 278

factor. However, it is not possible to directly deduce from nm (20 400 M* cm™%; Takahashkt al, 1980) and cAMP

these studies which CRP conformer(s) binds to theseat 259 nm (1.465x 10* M~! cm™; Windholz, 1976) in

sequences. aqueous solution and CPM at 260 and 385 nm 2.30*
Moreover, the mechanism of how CRP is capable of and 3.3x 10° M~* cm™?, respectively; Haughland, 1992) in

repressing its own gene by binding to its primary binding methanol containing:1% w/v f-mercaptoethanol and1%

site, which results in the expression of a divergent promoter W/v sodium acetate. Absorption spectra were measured using

(Aiba, 1983; Okamoto & Freundlich, 1986; Hanamura & @ Hitachi U-2000 spectrophotometer.

Aiba, 1992), is also not clearly understood. There is recent CRP Preparation. CRP was isolated and purified from

evidence to support the idea that ttm site Pll also binds  an overproducing strain (pPLcCRP1) & coli by the
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CRP BINDING SITE SEQUENCE
-80 -70 -60 -50
LAC SITE PI nd CAACGCAATTAA TGTGAGTTAGCTCACT CATTAGGCACCC
-30 -40 50 60
GAL SITE PI « AGATGCGAAAAG TGTGACATGGAATAAA TTAGTGGAATCG
GALLAC AGATGCGAAAAG TGTGACATGGATCACT TTAGTGGAATCG
+60 +50 +40 +30
CRP SITE PI -« ACTGCACGGTAA TGTGACGTCCTTTGCA TACATGCAGTAC
-70 -60 -50
CRP SITE PII - CGCGCAACGGAA GGCGACCTGGGTCATG CTGAAGCGAGAC
-140 -130 -120
CAT PII CGAATAAATACC TGTGACGGAAGATCACT TCGCAGAATAAA
MODIFIED CAT PII CGAATAAATACC TGTGACGGAAGAATCACT TCGCAGAATAAA
RANDOM TTACGAACTCAG TTCTGATACCAAGCAG CCCAGTTGTGGG

Ficure 1: Sequences of oligodeoxyribonucleotides employed in this studygalec sequence is a derivative of the primaggl—CRP

binding site in which the inverted repeat sequence is replaced with the inverted repeat sequentzcofGR® binding site. Theat Pl

and modifiedcat Pl differ from the other sequences in their spacer length between the two halfesit€d] and modifiedcat Pl have

spacer lengths of 7 and 8 nucleotides, respectively, rather than the more frequently observed 6-base pair spacer length. The numbers above
the naturally occurring CRP binding sites indicate the distance in base pairs relative to the transcriptional start site. Arrows represent the
direction of transcription relative to the CRP binding site sequences. The breaks in the sequences serve as guides so that the “essential” core
of the CRP binding site can be more easily observed to show the recognition motifs (when present) and the spacer between the recognition
motifs. The sequences are aligned by the highly conserved TGTGA motif (bold). The variable inverted repeat sequences are also in bold.

All sequences are listed from thé-énd to the 3end (left to right).

method of Heyduk and Lee (1989). CRP was stored in  The single-stranded oligodeoxyribonucleotides were rou-
TEDKG buffer at—20 °C. Purified CRP was observed to tinely purified before synthetic modification and biophysical
migrate as one band on a sodium dodecy! sulfateyacryl- measurements were performed. The DNA was purified by
amide gel. The integrity of the protein was judged by denaturing polyacrylamide gel electrophoresis {18%
measuring the stoichiometry and affinity of the protein for acrylamide, 7.5 M urea). Solutions were desalted using a
thelac—CRP binding site in the presence of 20 cAMP, Waters Sep-Pakgcolumn as previously described (Heyduk
and similar results were obtained as previously described& Lee, 1990). Purified oligodeoxyribonucleotides were
using the same solution conditions (Heyduk & Lee, 1990). stored in water at-20 °C. The integrity of the purified
CRP was routinely dialyzed against the desired buffer and oligomers was monitored by polyacrylamide gel electro-
carefully filtered (0.2um) before use. phoresis, and each oligomer migrated as one band.

DNA Preparation. The DNA sequences containing the The fluorescent probe (CPM) was covalently attached to
CRP binding site were synthesized with the recognition sites the 3-end of DNA sequences and was located upstream or
centrally located in the strand, and each of the sequenceglownstream relative to the transcriptional initiation start sites
flanking the binding site had the same number of nucleotides (Heyduk & Lee, 1990, 1992). The fluorescently labeled
(see Figure 1). The modifieghl sequencegallac, examined oligodeoxyribonucleotides were annealed with the appropri-
is essentially thegal—CRP primary binding site with the  ate complementary strand phosphorylated at trendl. The
inverted repeat ATAAA replaced with the inverted repeat integrity of the sample was monitored by nondenaturing
sequence of thiac, TCACT. The modifieccatPll sequence  polyacrylamide gel electrophoresis (125%). Typically,
contains 8 base pairs in between the recognition motifs rathervery little (<5%) or no ss-DNA (single-stranded) was
than 7 base pairs naturally found in that PIl sequence.  observed. Only nonfluorescently labeled ss-DNA was
The other synthetic sequence was generated from randonPbserved in samples containing ds-DNA (double-stranded).
numbers with two restrictions. The generated sequence waslhe ratio of probe to DNA was calculated from the
40 base pairs in length, and the number of A, C, T, and G absorption spectrum of the double-stranded, fluorescently
in the sequence was equivalent. Approximately 20 oligomers labeled DNA, and it ranged from 0.4 to 1.0 mol of probe
were generated and were carefully searched for sequencefer mole of DNA. The samples were dialyzed against TE
that were similar to the known DNA recognition sites for buffer and stored at-20 °C.

CRP, both the highly conserved motif (TGTGA) and the  Fluorescence Measurement$he anisotropy of fluores-
more variable inverted repeats. Random sequences containeently labeled oligodeoxyribonucoleotides (see Figure 1 for
ing the conserved motif, inverted repeats, or partial recogni- sequences) binding to CRP as a function of cAMP concen-
tion sequences of CRP binding sites were discarded. Thetration was measured using a SLM 8000C spectrofluorometer
one chosen for this study is shown in Figure 1. The rationale operated in the T-format with analog detection. The tem-
for employing such a sequence was to reduce the possibilityperature of the solution in the cell was measured using a
of using a nonspecific sequence that may have the tendencythermocouple and was constant at 25.0.1°C (Physitemp,

to adopt various conformations favorable for the interaction Model BAT-12). The excitation wavelength was 390 nm,
of CRP with DNA. and an Oriel band-pass filter, 59816, was placed in the
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excitation path to reduce second order scatter. Oriel band-convenient tool for quantitative investigation of DNA
pass filters 59850%25% transmittance between 470 and protein interactions (Heyduk & Lee, 1990). The stoichiom-
570 nm) were used in the emission paths. The dimensionsetry and equilibrium binding of a protein to DNA can be
of the fluorescence cells used were £010 mm. TEK- measured under a variety of solution conditions by monitor-
(100) buffer (pH 7.80) at 25.6C was used. ing either the energy transfer from the protein to the
Binding Isotherms. The oligodeoxyribonucleotides (12 fluorescent probe or the anisotropy of the probe. The latter
nM) and cAMP (from 0 to 29.4 mM) were titrated with CRP. measurement was shown to be more reproducible. There-
The following reaction best describes the global binding of fore, the change in the anisotropic motion of the fluorescent
CRP to DNA: probe (CPM) covalently linked to several oligodeoxyribo-
nucleotides was used as a signal to measure the binding of

Kapp. the protein to several CRP binding sites.
PA,+D=—PAD @) It is important to evaluate if covalent attachment of the
[PA D] probe to either end of the DNA sequences affects the
_ n

— ) stoichiometry and affinity of CRP for DNA. Results from
&P [PAlID] control experiments show that the probe most likely does
not interfere with CRP-DNA interactions since addition of
where D, PA (n =0, 1, or 2), and PAD are DNA and unlabeled DNA to the respective CPM-labeled DNA se-
CRP-cAMP, and CRP-cAMP—DNA complexes, respec- quences did not alter the apparent affinity of the DNA for
tively. Pr=PA,+ PAD. Kapis the apparent equilibrium  the protein (data not shown). These results are consistent
constant. The affinity of CRP for DNA in the absence of With previous competition studies that used several lengths
cAMP is very weak. Thus, the contribution of CRBNA of unlabeled and CPM-labelddc sequences with CRP at
complex to the total CRP concentration was neglected. ~ Vvarious salt concentrations (Heyduk & Lee, 1990, 1992).

The following equation results after substituting the total
protein concentratiorPr, into eq 2 and accounting for all
species with anisotropic motion:

Effect of the DNA Sequence on the Spectroscopic
Properties of the Fluorescent Probe

The anisotropies of free CPM-labeled DNA and the CPM-

Fobs= Mo T AFM[[KapPr + KopPr + 1 — [(KypPr + labeled DNA-CRP complex provide information about the
K + 17 — 4K 2D-P1Y4/2K 3 local environment of the probe. A less mobile or immobile
anr + 1) ovp D1Prl V2K D] (3) environment for the fluorophore results in higher values of

fws o, Ar, Pr, and Dr are the observed anisotropy, anisotropy, while lower values are observed when the

anisotropy of free DNA, total change in anisotropy, and total fluorophore has greater mobility.

protein and DNA concentrations, respectively. The datawere 1he anisotropy values of free 26-base paiy gallac, and
fit to eq 3 using the program SCIENTIST (MicroMath C'P site Pl were 0.1872- 0.0068 and 0.186% 0.0048 when

Scientific Software, Salt Lake City, UT). Dilution of the the label was attached close to TGTGA motifs and to inverted
solutions during the titration affected the fitted parameters 'éP€at motifs, respectively. The identity of these values
when the change of volume wa$%. Therefore, the effect indicates that the local environments of the probe within these
of dilution was taken into consideration during data analysis PNA sequences are similar. However, the results on the
when the volume change wa$%. The fitted parameters gal sequence do not follow the same trend. Th_e anisotropy
were obtained by nonlinear curve fitting. Errors are ex- of CPM attached downstream from the transcriptional start

pressed in terms of 75% confidence intervals (support planeSité (close to TGTGA motif) was 0.200% 0.0074, while
method). that of the upstream CPM labelgdl sequence was 0.186.

" . In addition, the anisotropy for CPM-labeled sequences that
Competition ExperimentsCPM-labeled DNA for 26-base .
pair sequences déc, gal, andgallac (labeling efficiency> were 40 base pairs long was 0.1950.002. These data

70%) and the respective unlabeled ds-DNA were titrated with imply that there may be some interaction between the probe
CRP in the presence of 20 cAMP. The final mole ratio and the downstream portion of the 26-base galisequence.

of CPM-labeled DNA to total DNA in the cell was 0.48 Nevertheless, if there is an interaction between the probe
The data were fit to eq 3 as described above "7 and the downstream end of thal sequence, it is probably
- o . S small because no difference in the apparent affinity of CRP
Stoichiometric Titrations.Stoichiometric binding of CRP PP y

DNA itored by the ch . , fth for gal was observed in the competition of CPidal and

to was monitored by the change in anisotropy of the unlabeledgal for CRP relative to the apparent affinities
covalently attached probe on DNA as a function of CRP determined without additional unlabeled!

concentration. The cAMP concentration was 200. The . oo N

length of the DNA was 40 base pairs and the concentration There is further indication that variation in the sequences

of DNA used in the titrations was as followgallac (100 can affe_ct th_e local environment of the probe.. The. fotal
nM) andgal andlac (120 nM). Stoichiometric measurement change in anisotropy for CRFDNA complex formation with

of CRP complexed wittltat PIl, modified cat PIl, andcrp a DNA length of 40 base pairs appeared to be sequence-

sites Pl and PIl was precluded due to excessive scattering:ndependent' The total change in anisotropy for Pl sites of

A ac, gal, andcrp saturated with protein was 0.0230.002.
of light caused by aggregated CRBNA complexes. In addition, the total change in anisotropy for the synthetic

RESULTS gallac saturated with protein was 0.0270.002. In contrast,
the total change in anisotropy observed for the DNA whose
It has been previously demonstrated that covalent modi- length was 26 base pairs in the presence and absence of CRP
fication of DNA with a fluorescent probe is a useful and was found to be DNA sequence-dependent (sites PAGf



1166 Biochemistry, Vol. 35, No. 4, 1996

gal, crp, andgallac). It was found that théac site Pl and
crp site PI binding to CRP resulted in a 0.0320.002 total
change in anisotropy. In contrast, the total change in
anisotropy forgallac and gal site Pl binding to CRP was
0.049+ 0.004. This indicates that the local environment of
the probe when CRP is complexed with CPM-labeled DNA
is different forgallac andgal site Pl relative to that ofac

site Pl andcrp site Pl. Another possible cause for the
difference in the total change in anisotropy is aggregation
of the DNA—CRP complex (Heydukt al,, 1992). However,
this difference in anisotropy cannot be explained by con-
comitant aggregation with specific binding since an increase
in salt concentration (up to 150 mM) did not change the

anisotropy values when the binding sites were saturated by

CRP. Higher concentrations of salt only decreased the
affinities of the DNA for CRP (data not shown). Thus, the

greater change in anisotropy values observed for CRP bound

to the gal and gallac sequences most likely reflects a
particular property of the DNA sequence and is not artifi-
cially induced. This interpretation is further supported by
the fact that the same apparent affinity of CRP daf was
obtained with the fluorescent probe attached to either end
of the sequence. It is important to note that no useful
information can be obtained from the total change in
anisotropy found for CRP bound trp site PII, cat PlII,
modified cat PIl, and the random sequence since the
contribution from CRP-DNA aggregation was significant

to the anisotropy signal observed. It appears that specific
binding of CRP to DNA is linked to DNA-CRP aggregation;
however, this issue is beyond the scope of this study and
will be addressed elsewhere.

Stoichiometry of CRPDNA Complexes

The stoichiometries of the DNACRP complexes were

measured for the CRP binding sites that were 40 base pairs

in length, in the presence of 2QM cAMP in TEK(100)
buffer (pH 7.80) at 25.0C. The curves are shown in Figure
2. The stoichiometries of théac—CRP, gal-CRP, and
gallac—CRP complexes were 0.90 (0.70, 1.2), 0.97 (0.78,
1.2), and 0.90 (0.79, 1.0), respectively. The numbers in
parentheses indicate a confidence interval of 75%. The
stoichiometry of thdac—CRP complex determined in this

study is consistent with previous results that were measured

using a 32-base pailac binding site and a lower salt
concentration of 25 mM (Heyduk & Lee, 1990). The total
change in anisotropy observed for telac—CRP complex

is slightly greater in magnitude than that observed for the
stoichiometric complexes of CRRac and CRP-gal. This
difference may possibly reflect a larger contribution of scatter
to the observed signal or a slightly different local environ-
ment for the probe located on tlyallac sequence relative

to those ofgal andlac. The binding of 1 mol of CRP to 1
mol of DNA was also observed using the shorter 26-base
pair DNA sequences (data not shown). The stoichiometries
of CRP bound to randoneat Pll, modifiedcat PIl, andcrp
sites Pl and PII could not be accurately measured due to
DNA—protein aggregation.

Effect of the DNA Sequence on the CRPNA
Equilibrium

The binding of CRP to these DNA sequences was
monitored by the change in anisotropy as a function of CRP
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FiGURE 2: Stoichiometric titration curves of CRP binding to DNA
sequences in the presence of 200 cAMP in TEK(100) buffer

(pH 7.80) at 25.°C. The symbols correspond to the following
DNA sequences: (Adac site Pl @), (B) gal site Pl @), and (C)
gallac (a). The solid lines represent the best fits, and the dashed
lines represent the 75% confidence limits.

concentration at 25.8C. The measurements were performed
in TEK(100) buffer (pH 7.80) in the presence of 20M
CAMP.

A. Twenty-Six Base PairsTypical binding isotherms of
CRP binding tolac, gallac and gal, crp sites Pl and PII,
and the random sequence are shown in Figure 3. The
anisotropy values of free CPM-labeled DNA were normal-
ized to 0.1800 so that the curves could be more easily
compared. Normalizing the anisotropy affects neither the
overall shape of the curves nor the affinities of CRP for the
DNA sequences. The data were fit to eq 3, and the solid
curves represent the best fit. The goodness of fit can be
observed from the random distribution of the residuals about
0. The apparent equilibrium constants for CRP binding to
these sequences are listed in Table 1. The isotherms of CRP
binding to cat PIl and modifiedcat PIl are similar to the
crp site PIFCRP binding isotherm and are therefore not
shown in Figure 3 to simplify the graphs. The apparent
equilibrium constant ofac binding to CRP is similar to the
value previously determined under the same experimental
conditions (Heyduk & Lee, 1990). The apparent affinity of
CRP forlac was found to be 4-fold less than thatgdillac,
indicating that the affinity of CRP for its binding sites on
DNA is not solely determined by the recognition motifs
(conserved and inverted repeat motifs; see Figure 3A,B). The
difference in the apparent affinities of CRP fgal andlac
was only 4-fold, with CRP having a greater affinity for the
lac binding site than thegal binding site. This is in good
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Ficure 3: Typical binding isotherms of CRP binding to DNA sequences in the presence pf\2@AMP in TEK(100) buffer (pH 7.80)

at 25.0°C. The anisotropy of CPM-labeled DNA free in solution was normalized to 0.1800. The symbols correspond to the following DNA
sequences: (Ayallac (®) andgal site Pl @), (B) lac site Pl (x) andcrp site PI @), and (C)crp site PIl (¢) and random sequenc®Y.

The length of the CRP binding sites was 26 base pairs. Data were fit to eq 3 (in Materials and Methods), and at least two binding curves
were fit simultaneously for each DNA sequence. The goodness of fit is shown by the distribution of the residuals about 0.

Table 1: Microscopic Equilibrium Association Constants for GRRMP and CRP-cAMP—DNA Complexe3

DNA Kapp x 1076, M1 Kapp x 1076, M1 Kix 104 Mde K, x 1073 M- Kgx 1076, M-1de
lac site P! 200 (160, 250y 41 (35, 49) 5.5 (1.7, 11) 1.1€.037,2.7) 48 (23,72)
gal site PI 56 (35, 88) 9.5 (8.5, 11) 4.5(.4, 10) 0.85{0.15, 1.9) 13 (7.3, 19)
gallac 330 (230, 470) 160 (130, 200) 4.72.0,11) 0.89{0.28, 2.0) 250 (130, 350)
crp site Pl 22 (15, 28) 1.7 (1.4, 2.1) 4.6(2.7,8.9) 1.0 (0.05, 2.0) 2.4(1.6,3.2)
crp site PIf 2.7 (2.0, 3.4) 1.0 (0.84, 1.2) i i i
catPII" 3.8(2.4,5.1) 1.1 (0.95, 1.3) i i i
modified cat Pt 4.6(35,5.7) 2.5(1.8, 3.4) i i i
randonf 0.48 (0.42, 0.54) 0.045 (0.017, 0.073) i i i

aMeasured in TEK(100) buffer (pH 7.80) at 25°Q. ® Apparent equilibrium constants were calculated from eq 3 in Materials and Methods.
The concentration of CAMP was 2QfM. ¢ The length of DNA was 40 base pairs with the exceptiorcafPll and modified cat PIl. In these
cases, the length was 41 and 42 base pairs, respectively, to accommodate the greater spacer between the recodfitieriesiggh. of DNA was
26 base pairs with the exceptionadt PIl and modifiedcat PIl. In these cases the length was 27 and 28 base pairs, respectively, to accommodate
the greater spacer between the recognition stt€ke parameterk,, K,, andKs were obtained from fitting the apparent equilibrium constants as
a function of cAMP concentration to eq 5 in Results with= 0. Errors in parentheses are expressed in terms of 75% confidence intéivads.
apparent equilibrium constant is in good agreement with previously published results (Heyduk & Lee, 1990 TB62pparent affinity of this
binding site for the protein was found to display a similar biphasic cAMP dependence relative to that observed for the other sequences examined
(see Results).Not determined! The random sequence was treated as a single binding site and not as multiple phosphate sites (52 and 80 phosphate
sites for the 26 bp and 40 bp sequences, respectively) in the calculation of the apparent binding affinities.

agreement with apparent affinity values previously deter- for CRP binding tocat site Pll and to modifieatat site PlI
mined by the gel shift method (Gasten al,, 1988). The are about 40- and 15-fold weaker than that lfe site Pl
apparent affinity of thdac—CRP complex was~25—40- binding to CRP; although, the recognition half-sites are the
fold greater than those determined for CRP bindingro same as those of tHac (see Table 1 and Figure 1). This
sites Pl and PIll (See Figure 3B,C). CRP has the sameimplies that the alignment of the major grooves of DNA
apparent affinity forcrp sites Pl and PII in the presence of relative to the DNA binding domain of the protein is an
200uM cAMP even though the latter binding site does not important factor in determining the degree of specificity. The
contain the recognition half site sequence frequently found results found for CRP binding to the modifiedt PIl and
in many CRP binding sites. However, there is a slight catPll sequences are consistent with previously determined
difference in the shape of the two binding isotherms (see apparent affinities for synthetic sequences containing 8-base
Figure 3B,C). The binding of CRP to tloep site Pll appears  pair spacers under different solution conditions using the gel
to have a higher degree of nonspecific character relative toshift assay (Barbeet al, 1993). There is no specific
the isotherm of CRPcrp site Pl. The shape of the curve interaction between the random, CPM-labeled sequence for
resembles the binding isotherm of CRP binding to the CRP as indicated by the lack of saturation in the binding
random sequence, namely, the lack of a plateau value at highsotherm. The affinity was-20-fold lower than the weakest
CRP concentrations. Yet, the binding isotherm is shifted to CRP—DNA interactions examined in this study.
the left relative to the binding isotherm for the random  B. Forty Base Pairs.Previous results have shown that
sequence, implying that some specific interaction exists the 26-base pair DNA is just short of the thermodynamically
betweencrp site PIl and CRP. defined binding site (Heyduk & Lee, 1992). Thus, the
It was also found that the affinity of CRP for the two interaction of the analogous 40-base pair DNA sequence with
sequences that contain a larger spacer between the recognicRP was examined. It should be noted that the affinities of
tion half-sites of TGTGA and TCACTgat Pll and modified CRP for the analogous DNA sequences that are 40 base pairs
catPlIl, are very weak. The apparent equilibrium constants in length were determined to be greater than the affinity of
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CRP for the respective 26-base pair sequences under the 9.0
same solution conditions (data not shown). The apparent
equilibrium constants for CRPDNA complexes with a
DNA length of 40 base pairs in the presence of 200
CAMP are also listed in Table 1 for comparative purposes. _
The dependence of the length on the affinity of CRP for the '= 7.0 ]
lac binding site is consistent with previous binding measure- 3
ments (Heyduk & Lee, 1990). The apparent equilibrium
values determined folac and gallac binding to CRP are
relevant since a 2-fold increase in the concentration of DNA
employed in this study relative to the apparent dissociation 5.0 4
constants for the complexes is not sufficient to compromise
the accuracy of measuring equilibrium constants (Weber,
1992). The relative strength of CRP binding to the 40-base 4.0 ' ' '

. . . . . -7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0
pair sites with respect to the analogous 26-base pairs sites
binding to CRP was found to differ depending on the DNA log[cAMP], M
sequence. This demonstrates the contribution of the flankingFicure 4: cAMP dependence of CRP binding to DNA sequences
ends of the CRP binding site to the overall binding energy in TEK(100) buffer (pH 7.80) at 25.6C. The symbols correspond
of the DNA—-CRP complex and that the extent of the t© the following DNA sequencesgallac (®), lac site Pl @), gal

e . site P| @), andcrp site Pl ). The length of the DNA was 26
contribution is sequence-dependent (Dalma-Weiszhatisz base pairs. The error bars represent the 75% confidence intervals

8.0 A

app

6.0 A

logK

al., 1991). of the Kapp values at each cAMP concentration. The data were fit
to eq 5 (in Results), and the best fits are shown by the solid curves

Dependence of CRFDNA Interactions on cAMP and withK, = 0. The dashed curve represents the best fit of the

Concentration cAMP dependence for the affinity of CRP fgel site | whereK,

# 0 during the data analysis for comparison purposes.
The apparent equilibria of CRFDNA complexes in the o ) o
presence of 20uM cAMP indicate that CRPDNA concentration is depicted in Figure 4 (the length of the DNA

interactions are sequence dependent. The apparent affinity¥as 26 base pairs). Itis clear from the data that all sequences
of CRP for DNA decreases in the following ordegallac examined here show a similar biphasic response to the cAMP

> lac > gal > crp site Pl ~ crp site PIl ~ cat PIl ~ concentration. The affinity of DNA for CRP was observed
modified cat Il > random sequence. One cannot deduce [0 decrease at very low and high cAMP concentrations
from these data if these sequences preferentially bind to a(@Pproximately=<50 M and >1 mM, respectively), while
specific CRP conformer. The apparent equilibrium constant the strongest affinity of CRP for the DNA sequences was
is a composite of several equilibria and reflects the affinities bserved with a cAMP concentration in the range of 11

of various CRP conformers for the DNA sequences. A more MM (see Figure 4). In the absence of CAMP, DNBRP
detailed description of DNA binding to CRP (compared to COmPplex can only be observed at very high concentrations
eq 1 in Materials and Methods) includes CRP, both cAMP- ©f CRP yielding apparent affinities similar to that of the
liganded CRP forms, CRP(cAMP)and CRP(CAMP) and nonspecific DNA sequence. This biphasic response was
the possible interactions of these conformers with DNA. The found to be independent of the sequence and DNA length

complete reaction scheme is shown below. P, A, PAg, PA (Qata not shown). The dependence of the apparent equilib-
rium constants for CRPDNA complexes as a function of

K, K, CcAMP concentration was fit, in accordance with the ther-
P + A = P4+ A = P4, modynamic reaction scheme depicted above, to the follow-
¥ + + ing:
b b b [PD] + [PAD] + [PA,D] @
K, K, K, app ™

" X (IP] + [PA] + [PA,])D]
PD  + A = PAD + 4 =  PAD

The concentration of PD approaches 0 since no specific
interaction was observed between DNA and CRP in the
absence of cAMP. Taking this information into consider-

ation along with expression of the concentration of species
in terms of microscopic equilibrium constants, eq 4 becomes

D, PD, PAD, and PAD are CRP, cAMP, CRP(cAMR)
CRP(cAMP}, DNA, CRP-DNA, CRP(cAMP)-DNA, and
CRP(cAMP)}—DNA, respectively. K; and K, are the
microscopic association constants for binding of the first and
second molecule of cAMP to CRP, respectivells, Ky, 2
and K are the association constants for the formation of = KiKSA] + KKK [A]
CRP(CAMP)—DNA, CRP(CAMP)—DNA, and CRP-DNA P14 KA] + KK A2
complexes, respectivelyKs andK; can be calculated from

the quotientKs = K,K4/K3 andK; = K;K3/Kg, respectively. The values for the microscopic association constants for
Therefore, the cAMP dependence of CRP binding to the cAMP bound to CRPK; andKj, obtained from fitting the
DNA sequences was examined to dissect out the affinities data in this study to eq 5, are in good agreement with the
of the CRP conformers with the DNA sequences employed values obtained from direct equilibrium measurements of
in this study. The dependence of the apparent equilibrium cAMP binding to CRP (see Table 1; Heyduk & Lee, 1989).
constants for CRPDNA complexes as a function of CAMP  The equilibrium constant&s; and K, were obtained from

(5)
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fitting the _data to eq 5 (Table 1). The best fi_ts of the data T, pje 2 Change in Free Energy of CRBNA Complexes
were obtained whel, was equal to 0. Whel, is allowed
to vary during the data analysis, then the fitted curves show

-AG, kcal/mol1P

nonrandom distribution of residuals and tend to shift to DNA 40 base pairs 26 base pairs
considerably higher values at high cAMP concentrations (in  lac site Pl 11.3(11.2, 11.5) 10.5(10.3, 10.5)
the millimolar range) than the experimental data; although, 9alsite PI 10.6 (10.3, 10.9) 9.72 (9.38, 9.94)
the data points at low CAMP concentrations continue to fit 9213 116(11.4,11.8) 115(11.1,11.7)
po / : crp site P 10.0 (9.80, 10.2) 8.72 (8.48, 8.89)
well. The difference in the fitted curves whé&n = 0 and crp site PII 8.79 (8.61, 8.92) 8.20 (8.09, 8.31)
K4 = 0 is shown for the cAMP dependence of CRP binding  catsite Pl 8.99 (8.72, 9.16) 8.25 (8.17, 8.35)
to thegal binding site for comparison purposes (see Figure modifiedcatPll 9.10 (8.72,9.23) 8.74 (8.55, 8.92)
random 7.76 (7.68, 7.83) 6.34 (5.78, 6.64)

4). Similar values foKy, K;, andKj3 are obtained with,
equal to 0 or allowed to vary during the analysis, and the
'Ie';:l?: I\/r\]/r:re]ﬁl(F)4arigrr1seeE[e;f) a(;’e ;rga]l:'ire;vﬁr:\?ee?:a; tge%er Lr:)rljsgt:;tzsili.OT. ¢ AG was calculated using the apparent equilibrium
representation of the experimental data. The decrease in
affinity of CRP for the DNA sequences at high concentra-
tions of cAMP (in the millimolar range) cannot be attributed
to the increase in phosphate concentration (Heyduk & Lee,
1990). The affinity of CRP binding ttac (26 base pairs in
length) in the presence of 200M cAMP in 50 mM
phosphate, 1 mM EDTA, and 101 mMKpH 7.80) at 25.0

°C [Kapp = 5.1 (4.4, 5.9)x 10" M~1] was found to be the
same as the apparent affinity of the CRBc complex
measured in the presence of 2001 cAMP in TEK(100)
buffer (pH 7.80) at 25.0C (see Table 1).

aDetermined from equilibrium association constants measured in
TEK(100) buffer (pH 7.80) at 25.6C. ° Calculated fromAG = —RT

interactions. Nevertheless, results of this study indicate that
CRP employs the same motif in selecting promoters. The
CRP(cAMP) species exhibits the highest affinity for specific
DNA sequences. Furthermore, the DNA sequence outside
of the two half sites apparently plays a role in defining the
energetics of CRPDNA complex formation.

CRP can be considered a molecular switch for turning on
and off the transcription of many bacterial genes. It has been
previously proposed that CRP may be regulating transcription
It is important to note that the cAMP concentration by using different conformational states that are available

dependencies of the association constants of BRRP  to CRP (Heyduk & Lee, 1990). It is clear from the data
complexes are similar to one another even though the presented here that CRP(CAMRS the high-affinity form
affinities of the DNA sequences for CRP are different. It responsible for the transcriptional regulation of the CRP
was also found that the apparent equilibrium constants binding sites examined. These results imply that the
determined for these CRP binding sites at 200 cAMP mechanism of transcriptional regulation by CRP may be
are similar to the values df; and are therefore a good Mmuch more subtle than choosing different cAMP-liganded
estimation of the affinity of the DNA sequences for CRP- states of CRP. Heyduk and Lee (1989) proposed that one
(cAMP),. This estimation will hold true for all DNA  of the rationales for CRP(cAMPJo be the active species is
sequences that have a valueiafthat is much greater than ~ structural so that the asymmetric CRRyand complex can
the value ofK,. Due to the very low affinity otrp site PIl, ~ form a complex with the asymmetric DNA sequence that
catPIl, and modifieccat Pll for CRP at 20tM cAMP, the provides directionality. Certainly the results from this study
more rigorous cAMP concentration dependence measure-are consistent with this hypothesis. Apparently, the feature
ments were not performed. However, the affinity was Of negative cooperativity in cAMP binding is to ensure the
measured at very low and very high cAMP concentrations presence of the CRP(cAMPjpecies and the absence of the
for crp site Pl binding to the protein. These measurements CRP(CAMP} species under physiological concentrations of

resulted inKapp = 5.4 (4.4, 6.3)x 10° Mt andKapp= 3.1
(=2.0, 8.3) x 10* M~* at 20 uM and 10 mM cAMP,
respectively. Similar results were obtained for CRP binding
to cat Pll and modifiedcat PII relative to those of CRP
binding tocrp site Pl at 10.0 mM cAMP, yieldindapp =

6.9 (5.1, 8.7)x 10* Mt andKapp, = 7.6 (5.6, 9.9)x 10
M~ for cat Pll and modifiedcat PII, respectively. Fur-
thermore, these CRP binding sites did not bind to CRP in
the absence of cAMP. This indicates that the CRP(cAMP)
conformer has the strongest affinity for all CRP binding sites
investigated in this study. Given these results, it is valid to
assume that th&,,, measured at 200M cAMP is a fairly
good estimate oKs, and therefore, this value can be used
to make a direct comparison of the apparent equilibrium
constants determined for CRP bindingdp site PII, cat
Pll, modified cat PIl, and the random sequence with the
equilibrium constants of CRP binding to the other DNA
sequences examined in this study.

DISCUSSION

CAMP.

The difference in energetics of DNA binding to CRP is
modest. Itis clear from these results that there is a minimal
requirement of-8 kcal/mol for a favorable specific interac-
tion between CRP and a binding site (see Table 2). The
interaction of the random sequence with CRP was found to
be weaker by~1.0—2 kcal/mol than that of the weakest
CRP-DNA complexes, includingrp site PII, which does
not contain the recognition motifs found in most CRP binding
sites. This implies that there is information in site-specific
DNA sequences for CRP other than the consensus sequence.
The total difference in the change of free energies observed
for specific CRP-DNA interactions is approximately 3 kcal/
mol. These observations are true for the protein interacting
with CRP binding sites that are 40 and 26-base pairs long.
This implies that the 26-base pair sequences contain sufficient
information necessary for CRP recognition. The sequences
outside the 26-base pair region only serve to slightly
strengthen the binding energetics. The modest difference
in the change of free energy observed between site-specific

There is substantial variation in the natural DNA sequences DNA sequences bound to CRP is consistent with the DNA

employed in this thermodynamic study of CRBNA

sequence-dependent studies that were measured on other
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DNA—protein systems such dac (Mossing & Record,
1986),1 (Sarai & Takeda, 1989), ancto (Takedaet al,
1989) operators and tHecoRl site (Lesseet al., 1990).

The regulation of transcription involves many factors, and
a simple examination of the linkages involved in cAMP
binding to CRP and followed by CRP(cAMPhinding to
DNA provides a rationale for these small differences in the
affinities of CRP for different CRP binding sites. The ratio
of DNA bound to CRP per total DNA concentration can be
described by the following equation:

[CRP-DNA complex] _ [PAD] + [PA,D] ®)
[DNA] ota promotersie [Pl T [PAD] + [PA,D]
where
D; = [D], + [PAD] + [PA,D] (7
and

[Pl; = [P], + [PA] + [PA,] + [PAD] + [PA,D] (8)

The concentration terms in the equations were subsequently

expressed in the form of equilibrium constants. Then,
substituting the expression for [Pinto eq 8 and solving
for the free protein concentration, one can obtain the

expression for [R}
b+ vb® — 4ac

2a

[Pl,=— 9)

where

a= (K{K5[A] + KKK [A] 1+ Ki[A] + KK,[A] %)
(10)
b=1+ K,A][(1 + KJA]) +
(K3 + KKJAD(D] + — [PID] (11)
c=—[P} (12)
Now eq 6 can be expressed in the following manner:
[CRP—-DNA complex]:

[DNA] total promoter site
KiKSIATIPT, + KiKKAJAT [P,

1+ K KJAIIP] , + KKK AP,

(13)

[D]+ and [P} are estimations of the total promoter site
concentration (2 10°° M; Takahashgt al, 1989) and total
cellular concentration of CRP (2 10 M; Andersonet

al.,, 1971; Berg & von Hippel, 1988). The curves were
simulated using eq 13 and the values of 4.30* M~ and

1.0 x 10* M1 for K; andK,, respectively. These values
were taken from direct binding measurements (Heyduk &
Lee, 1989). The ratio of [CRPDNA complex]/[DNAJotal
promoter sitedS a function of cCAMP concentration is shown in
Figure 5. The simulations of the fractional saturation of CRP
binding sites by CRP depicted in Figure 5A use the
experimental values foK; determined in this study (see
Table 1) anK, = 0. ltis clear that the cAMP concentration
necessary for obtaining fractional saturation of DNA by CRP
is within the physiological range~1—2 uM). The extent

Pyles and Lee
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Ficure 5: Simulations of the fraction of DNA bound to CRP with
respect to the total promoter site concentration as a function of
cAMP concentration. The curves were simulated using eq 13 (in
Discussion). The values ¢f; andK; used in the calculation are
from Heyduk and Lee (1989). The values 0k210~° M (Takahashi

et al, 1989) and 2x 1076 M (Andersonet al, 1971; Berg & von
Hippel, 1988) were used as estimates for the cellular concentrations
of total promoter site concentrations and CRP, respectively. The
dotted line in each graph is drawn to indicate half-saturation of the
CRP binding sites on DNA by CRP. Curves are represented by the
number in parenthese¢A) K; = 0 M1, and experimentally
determined values d€; were used (see Table 1 for valuegpllac

(1), lac site PI (2),gal site PI (3),crp site PI (4), anctrp site PlI

(5). (B) Dashed curves represent simulations whéye< K. The
equilibrium values used are as follow&; = 0 M1 andK, = 1

x 1M1 (1),Kg=0M1andK;=1x 100 M1 (2),Kz=0
M-landK;=1 x 16 M~1(3), andKz =1 x 108 M~ andK, =

1 x 1 M~ (4). Solid curves represent simulations whigke>
KsandKs = 0. Kz =1 x 108 M~1 and was held constant for these
simulations, and the value & was varied. The values &f,; used

are as follows: 5x 10* M~1(5), 3 x 16 M~1(6), 1 x 1P M1
(7),and 7x 1 M~1(8), 5x 10° M~1(9), 1 x 10> M~1(10). (C)
Simulations of the cAMP dependence on the fractional saturation
of CRP binding sites when the affinities for DNA binding to CRP-
(cAMP); and CRP(cAMP) are the same{z = K,. The values of

the equilibrium association constants used are as follows:10°
M™1(1),1x 100 M1 (2),25x 1P M1(3),1x 1M1 (4), 8

x 10°P M1 (5), and 6x 10° M~ (6).

of fractional saturation of the binding site by CRP is also
dependent on the affinity of the DNA for CRP(cAMPThe
simulated binding curves show that the high-affinity CRP
binding sites are very responsive to the concentration of
cAMP and therefore require very low concentrations of
cAMP for initiation of transcriptional processes. For ex-
ample, thelac promoter begins to respond to cAMP
concentration at values as low as>x3 107 M and ap-
proximately 80% of the promoter site is occupied atéld
cAMP, as shown in curve 2 of Figure 5A. However, the
high affinity sites are quite insensitive to fluctuations in
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cAMP concentration greater than M, since the plateau
region of fully saturated DNA by CRP spans a large cAMP

Biochemistry, Vol. 35, No. 4, 19961171

fractional saturation of the CRFDNA complexes to lower
concentrations of CAMP as indicated in this simulation study

concentration range. In contrast, CRP binding sites that haveby linking the cAMP and DNA binding reactions. The work

a low affinity for CRP, such as thap promoter site, require
higher concentrations of cAMP to form proteiDNA
complex. Furthermore, low-affinity CRP binding sites are
much more sensitive to fluctuations in cAMP concentration,
as shown by curves 4 and 5 in Figure 5A. For example,

by Aiba and co-workers (1983, 1991) nicely illustrates the
strength of linked reactions in a multiple reaction system. It
is clear from this study that the differences observed in the
cAMP and CRP concentrations necessary to bind the two
sites are not necessarily due to different cAMP-liganded

curve 4 indicates that a small plateau region is observed andstates of CRP.

a 10-fold increase in cAMP concentration from the highest
degree of saturation reduces the fraction of DNA sites
occupied by CRP to zero. Thus, a strong affinity of CRP
for DNA promoter site leads to a formation of proteiBNA
complex at low cAMP concentrations, but the interaction of
a low-affinity DNA binding site for CRP results in a biphasic
behavior in the occupancy of promoter site. Do these

The results of this study establish the potential significance
of the species of CRP(CAMPIn regulation of transcription
in CRP-dependent promoters; however, this conclusion may
not totally rule out any potential role for the CRP(CAMP)
species. To further explore this possibility, additional
simulations were conducted. Other systems may invoke
other possible scenarios for the transcription factor CRP. Let

simulated behaviors make biological sense? Transcriptionalus first examine the possibility of promoter sites controlled

activation of thelac and gal genes results in the transport

solely by the CRP(cAMB)conformer. The dashed curves

and metabolism of carbohydrates. The bacterium needs to1—3 in Figure 5B show the degree of saturation of a promoter
respond to changes in energy source rapidly, i.e. at smallsite by CRP(cAMP) as a function of CAMP concentration.

changes in cCAMP concentration. Thus, a very low concen-
tration of CAMP is needed to activate the transcriptional

The K4 values range from X 1 to 1 x 1(° M~ The
cAMP concentration necessary to reach half-saturation of

process, and therefore, the cell is able to respond to smallthe CRP binding site by CRP(cAMPIs shifted to higher

fluctuations in the level of carbohydrates. In contrast,
regulation of transcription ofrp would benefit from both a

concentrations relative to those in Figure 5& (> 0 and
K4 = 0), and the extent of saturation is dependent on the

repression and a derepression process, as shown by theffinity of CRP(cAMP) for the CRP binding sites. Systems

biphasic behavior shown in curves 4 and 5 in Figure 5A. As
the initial demand for rapid action is required, an increase
in the cellular cAMP concentration leads to formation of
more cAMP-CRP complex and an increased transcriptional
activity of genes. Subsequently, an increase in cAMP
concentration results in repression of thp gene by binding
CRP-cAMP to thecrp Pl site. A repression of therp gene
would keep the concentration of CRP from increasing. This
would lead to a faster increase in the concentration of
cAMP—CRP complex available to activate transcriptional
processes with any further increase in cAMP concentration.
If further activation of operons is required, as reflected by a
further increase in cAMP concentration, then formation of
the CRP(cAMP) complex may occur. This weakens the
CRP-DNA complex, and a derepression of ttp gene is
observed. A weak affinity for therp operon by cAMP-
CRP provides such a biphasic regulating mechanism.

Previously published work suggests that the bindings of
CRP tocrp sites Pl and PII differ in their cAMP and CRP

that have weak affinity for the CRP(cAMPomplex will
result in <100% saturation of the binding site. Systems of
this sort are finely controlled by a very narrow range of
cAMP concentrations, and fluctuations at high concentrations
of cCAMP are ineffective at perturbing the degree of saturation
of the promoter site. Transcription is either on or off.

Figure 5C illustrates the possibility where transcriptional
control is governed by both CRP(cAMPnd CRP(CAMP)
and that the affinities of these two conformations for the
CRP bhinding sites on DNA are equal to one another. Itis
apparent that, as the affinities of these conformers weaken
for the binding site, the highest level of fractional saturation
of the binding site is decreased and the cAMP concentration
required to attain fractional saturation of the binding site
shifts to higher cAMP concentrations. These systems are
relatively insensitive to fluctuations in the cAMP concentra-
tion (less than or equal to micromolar) when it is greater
than the concentration needed to have CRP occupy the
binding site. However, transcriptional control (on or off)

dependencies (Hanamura & Aiba, 1992), implying that by CRP is more sensitive to small fluctuations in the cAMP
different mechanisms of control may be effective. These concentration £uM) when both conformers bind equally
observed differences can be easily explained from linkage Well to the promoter site. The only method to determine if
theory without involving different mechanisms. The affinity any one of these simulated linkages is truly found in nature
of CRP forcrp site Pl is~2-fold less than that focrp site is to quantitatively determine the affinity of CRP for the CRP
PI, and therefore, higher concentrations of cAMP will be binding site as a function of CAMP concentration. Then one
needed to obtain fractional saturation of the binding site (seeis able to dissect out which conformer(s) of CRP is
curve 5 in Figure 5A). A comparison between curves 4 and responsibleT for the transcriptional control of that particular
5 demonstrates the effect of a simple small difference of Promoter site.

2-fold in affinity. No additional change in mechanism needs
to be involved. The simulations show fractional saturation
of thecrp binding sites at higher cAMP concentrations than
the cAMP concentrations used in tire vitro andin vivo
studies. The experiments performadvitro andin vivo
monitored the binding of CRP to these two sites simulta-

Curve 4 in Figure 5B illustrates a case whéte < K,
andKz; # 0 (Ks=1x 1P M tandK;,=1 x 16 M71). A
CRP binding site that has a weak affinity for CRP(CAMP)
and a strong affinity for CRP(CAMRwill result in cAMP
dependence on the saturation of the binding site that is
dominated by CRP(cAMRB) There is only a slight shift to

neously, and thus, more than two reactions were proceedingower cAMP concentrations to obtain total saturation of the
during the measurement. The linked reactions can shift thebinding site relative to the case where only CRP(cAMP)
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binds to the CRP binding site with high affinity (compare this paper to the memory of Jeffries Wyman (190B95),
curves 1 and 4). The solid curves in Figure 5B illustrate who introduced to the field of biothermodynamics the
the possibility of a high affinity for CRP(CAMRbut weaker concept of linked functions.

affinities for CRP(CAMP) (where K4 = 0). The first

portions of the curves (curves—80) are similar to one ~REFERENCES
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