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ABSTRACT: TheEscherichia colicAMP receptor protein (CRP) displays biphasic characteristics in protease
andâ-galactosidase induction assays at increasing cAMP concentrations in response to ligand binding at
the secondary binding site located between the primary binding site and the DNA binding domain. Two
mutants were created to determine the mechanistic reason for the CRP biphasic response by inhibiting
binding of cAMP to the secondary site via interference with the Arg 181 interaction with the ligand’s
phosphate. The S179A/R180D/E181H mutant binds two cAMP molecules per dimer, does not exhibit a
biphasic response, lacks selective DNA binding, and has inhibited nonselective DNA binding. The R180K
mutant binds four cAMP molecules per dimer, exhibits a biphasic response, nonselective DNA binding
similar to CRP, but has inhibited selective DNA binding characteristics. The results are consistent with
a 2 × 2-binding site scheme were both primary binding sites must be occupied before the secondary
binding sites are occupied. A structural mechanism suggesting the secondary sites are formed by binding
of cAMP to the primary sites is proposed. AMMP-generated molecular models suggest that R180 orients
E181 to produce selective DNA binding, Arg 169 interactions are necessary for nonselective DNA binding,
and the position of Leu 57 inhibits chymotrypsin cleavage of Phe 136. DNA binding results suggest that
CRP may be the unknown transcription factor which binds to the temperature sensitivedsrA promoter.

The molecule CRP1 (cAMP receptor protein, also known
as catabolite gene activator protein, CAP) binds to the
Escherichia coli lacpromoter in response to increasing
amounts of 3′,5′-cyclic adenosine monophosphate (cAMP).
CRP has been studied extensively for several decades with
recent reviews cataloguing some of this earlier work (1-3).
CRP is a dimer composed of two identical 209-residue

monomers (4, 5) containing a well-defined cyclic nucleotide
binding domain capable of binding a single anti conformation
cAMP molecule (residues 1-129), a hinge region capable
of being cleaved by proteases in a ligand-dependent manner
(residues 130-139), and a DNA binding domain which
recognizes specific DNA sequences (residues 140-209) (6).
Recent crystal structures revealed that each monomer has a
second cAMP binding domain binding syn conformation
cAMP between the primary cyclic nucleotide binding domain
and the DNA binding domain. Therefore, the CRP dimer is
capable of binding a total of four cAMP ligands (7, 8). The
presence of cAMP in the secondary binding sites correlates
with the length of the DNA fragment used during crystal
growth (8). A DNA fragment of 38 bp contains cAMP in
the secondary sites, while the ligand is absent in crystals
grown with a 30 bp DNA fragment. The cocrystals defined
the secondary binding site as being formed by residues
56-59, 170, 174, and 177-180 (9), with Arg 180 directly
interacting with the phosphate of cAMP. The crystals further
defined the CRP selective DNA binding to be dependent on
residues 180, 181, and 185 (8), with residues 180 and 181
occupying the major groove of bound DNA (10).

What is not explicit from the crystals is the order in which
the sites are filled, although a recent kinetic scheme predicts
cAMP binds to the primary binding sites first at micromolar
concentrations promoting DNA binding and to the secondary
binding sites later, decreasing the affinity of CRP for DNA.
The kinetic scheme defined the primary and secondary
binding sites as being independent and suggested that the
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primary binding sites bind ligand before the secondary
binding sites are bound (11). The kinetic model is further
supported by another recent crystal structure showing three
cAMP ligands bound per CRP dimer with cAMP binding to
both primary binding sites and a single cAMP in one of the
secondary binding sites (personal communication with J. C.
Lee). Studies also show that the selective DNA binding
occurred at lower concentrations of cAMP and was inhibited
at higher ligand concentrations, although nonselective DNA
binding was not as greatly inhibited (12), suggesting CRP
in the presence of low cAMP concentrations is the active
form. The DNA binding studies are consistent with the in
vivo ligand-dependent biphasic nature seen inlac promoter-
controlledâ-galactosidase assays with increasing concentra-
tions of cAMP (13). The active form of CRP can be
measured with proteolytic cleavage assays.

Cyclic AMP-dependent CRP chymotrypsin cleavage (14)
produces a single 12 kDa fragment that is capable of
dimerizing and binding cAMP (15) and displays biphasic
characteristics similar to those exhibited with theâ-galac-
tosidase assays and selective DNA binding. At low cAMP
concentrations, CRP is cleaved in the hinge region between
the primary nucleotide binding domain and the DNA binding
domain at Phe 136 (15), while cleavage is inhibited at high
cAMP concentrations. In light of the cocrystals showing four
cAMP ligands bound to the CRP dimer, it can be assumed
that the proteolytic inhibition is caused by cAMP binding
to the secondary binding sites.

In this report, the secondary binding sites are mutated to
decrease the affinity of CRP for cAMP in the secondary
binding sites. Molecular models of CRP with cAMP and the
CRP antagonist 3′,5′-cyclic guanosine monophosphate (cGMP)
bound in the secondary binding sites were compared to direct
mutagenesis leading to inhibition of cAMP binding to the
secondary sites. cGMP is incapable of activatingâ-galac-
tosidase transcription (16), chymotrypsin cleavage at Phe 136
(17), or binding ligand in the secondary binding sites (18).
The physiological differences between cAMP and cGMP
CRP binding suggested that differences in the calculated
interaction energies could be used to choose mutations which
would inactivate the secondary binding sites.

The molecular model comparisons suggest that the gua-
nosine purine ring may preclude binding of cGMP to the
secondary site and that mutations directed against the
adenosine purine ring would prove to be fruitless. Therefore,
mutations were directed against Arg 180 which interacts with
the ribofuranose ring of both ligands to inhibit binding of
cAMP to the secondary sites. The R180K conservative
mutation was introduced to retain selective DNA binding
while inhibiting cAMP binding. The Lys point charge was
thought to have to choose between either selective DNA
binding or binding cAMP to the secondary site as compared
to the “diffuse” Arg charge which is capable of performing
both actions simultaneously.

The S179A/R180D/E181H (ADH) mutant was made to
ensure that the protein would be incapable of binding the
cyclic nucleotide ribofuranose by mutating the positive
residue Arg to the negative residue Asp. The additional
mutation of the E181 negative charge to the positively
charged His was introduced to conserve local and overall
charge balance by countering the now negative charge of
position 180 and because the size more closely matches that

of Glu compared to Lys and Arg. The polar S179 was
mutated to Ala to further conserve the local charge environ-
ment and allow DH to occupy steric space different from
that of RE. The ADH mutant was expected to form the CRP
active state in response to binding cAMP in the primary sites
and to be able to bind DNA nonselectively as R180 and E181
are likely responsible for only selective DNA binding.

The tritium binding experiments and proteolysis experi-
ments suggest that the ADH mutant binds 2 cAMP molecules
per CRP dimer, showing the secondary site cAMP binding
is inhibited. Proteolytic cleavage experiments and molecular
modeling suggest that the position of Lys 57 is instrumental
in the protection of chymotrypsin cleavage of the hinge
region at Phe 136 when the proteins adopt the CRP active
state. DNA binding experiments in conjunction with molec-
ular modeling suggest that Arg 169 is instrumental in
nonselective DNA binding and that Arg 180 positions Glu
181 for selective DNA binding to occur. Finally, the DNA
binding results suggest CRP may be the unknown transcrip-
tion factor which binds to the temperature sensitiveE. coli
promoterdsrA (19).

METHODS

Static molecular modelsof ADH, CRP, and R180K are
created using the molecular dynamics program AMMP (20)
with protocols previously described (21, 22). The models
can contain two, three, or four molecules of cAMP or four
molecules of cGMP, DNA, and RNA polymerase fragments.
The X-ray crystal structures have hydrogen atoms and muta-
tions added, while crystallographic waters are removed. The
newly added undefined atoms are positioned, while the pre-
viously defined atoms are fixed. The atom positions are then
refined using all parameters (bonding energies, torsion angles,
hybridization energy, nonbonded energies, and bond angles)
with conjugate gradient minimization, while the previously
defined atoms remain fixed in position. The final minimiza-
tion step allows all atoms to move without any artificial
constraints. The models are minimized until an energy
minimum is reached so that the external nonbonded energy
of each amino acid could be compared. The static molecular
models represent a single possible low-energy allosteric state
based on the available CRP crystal structures. The repre-
sented modeled allosteric state is only one state in the
continuum of allosteric states that together comprise the
molecular motions which CRP experiences depending on the
presence of ligands, DNA, or RNA polymerase.

Crystal structures 2cgp (7), 1g6n (23), 1run (24), 1lb2 (25),
1i5z (personal communication with J. C. Lee and available
from the Protein Data Bank), and 1o3q (8) are used as
starting structures for the molecular models and are chosen
as representative CRP structures (see Table 1). Each model
is generated from a CRP dimer complex, so those structures
with a monomeric subunit in the asymmetric cell have the
complement added to form a dimer complex. No other
modifications occurred to the template PDB files other than
renumbering of the subunits (positions 1-209 for monomer
1 and positions 301-509 for monomer 2, always underlined),
the mutation of amino acids (S179 to Ala, R180 to Asp, and
E181 to His for ADH and R180 to Lys for R180K), the
changing of the ligand from cAMP to cGMP, and/or the
removal of the crystallographic waters. Control molecular
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modeling experiments (not shown) with 1g6n- and 2cgp-
derived CRP with cAMP or cGMP molecular models
suggested that the crystallographic waters could be removed
with a minimal alteration of results when two static molecular
models are compared.

A control model is generated using the X-ray crystal
structure with cAMP for comparison with the mutant and
cGMP models. The models are visualized for obvious
disturbances in theR-carbon backbone trace, for deforma-
tions in the cyclic nucleotides and amino acid ring structures,
and for obvious differences in the control and mutant model
Rhamachandran plots using the program O (26). AMMP is
used to calculate the nonbonded energy of each amino acid,
DNA base, and ligand in each model. The energy differences
between corresponding elements in two models are deter-
mined by finding the difference between the absolute values
of corresponding nonbonded energy and dividing by 2. These
values correspond to differences in enthalpy and are color-
coded onto anR-carbon trace for easy visualization (see
Figures 1 and 4). Water effects are assumed to cancel out
due to the “conservative” mutations and overall charge
conservation when two models based on the same crystal
structure with conservative changes are compared. All
energetic differences are therefore assumed to be related to
the conservative differences, whether mutations or ligands,
in the molecular models.

Control molecular modeling experiments (not shown)
suggested comparisons of nonbonded energies with values
greater than 10 kcal/mol were significant; 10 kcal/mol
became the cutoff value for locating important interactions
within the ligand-protein complex. The cutoff value further
has the significance of being slightly greater than the estimate
of the strongest hydrogen bond, estimated to be 3-9 kcal/
mol (12-38 kJ/mol) (27). Four other cutoffs were also
selected for categorizing the nonbonding energy differ-
ences: 1 kcal/mol for random perturbations, 2 kcal/mol for
the lower end of estimates for hydrogen bond strength, 5
kcal/mol for the midrange of hydrogen bonding estimates,
and>20 kcal/mol or greater than two hydrogen bonds. All
estimates were rounded to the nearest whole number before
sorting.

CRP mutagenesisis performed using overlap extension
PCR (28). External primers at the 5′ and 3′ end of CRP are

used in conjunction with overlapping internal primers (prim-
ers produced by QIAGEN) that contain altered sequences
corresponding to the desired S179A, R180D, and E181H
mutations in ADH or the R180K mutation in CRP. The
clones are restricted with NdeI and EcorI and placed into
the pLex vector under theλPL promoter for overexpression.
All clones are sequenced to ensure that the correct mutations
were produced.

OVerexpression and purificationof CRP and the mutants
are performed usingE. coli CA8445-1 (CRP-, Strr) with the
pRK 248 vector (λcIts, Tetr) that encodes a thermolabileλ
cI repressor used to control theλPL promoter in the pLex
vector which contains the clone. Modified protocols of
Harman and co-workers (29) were used for the induction
and purification of CRP and mutant proteins. Transformed
E. coli cells are grown in LB medium with 30µg/mL
tetracycline, 100µg/mL ampicillin, and 100µg/mL strep-
tomycin at 30°C until they reach an absorbance between
0.6 and 0.8 at 600 nm. An equal volume of LB medium
heated to 65°C is then added to the culture, and the culture
is allowed to grow for 4 h at 42°C. The culture is then
centrifuged at 3000g with a swinging bucket rotor for 15
min at 4°C, and the bacteria are collected. The bacteria are
resuspended in 7.5 mL of working buffer [50 mM NaPO4

(pH 7.8), 1 mMâ-mercaptoethanol, 2 mM EDTA, 50 mM
NaCl, and 5% (v/v) glycerol] per liter of culture and passed
through a French press two times to disrupt the cell
membrane and shear the DNA.

The slurry is centrifuged at 15000g for 30 min at 4°C.
The resulting supernatant is batch loaded onto DEAE
Sephadex A-25 resin (Amersham Biosciences) and the wash
through from this column loaded onto Bio-Rex 70 resin (Bio-
Rad Laboratories) column. The Bio-Rex 70 column is
washed with 5 volumes of buffer and eluted with a salt
gradient from 50 to 600 mM NaCl in working buffer. The
fractions are analyzed by SDS-PAGE and selected for purity
and quantity of the CRP or mutant protein. The desired
fractions are pooled and dialyzed against the working buffer.
All purifications and dialysis were carried out at 4°C.

[ 3H]cAMP and [3H]cGMP equilibrium binding assaysare
performed at room temperature (20-22 °C) using small
Amicon 10 kDa cutoff filtration devices (30). Varying
amounts of3H-labeled ligand are mixed with a fixed protein
concentration, typically, 80-150 µM dimer, in a total vol-
ume of 200µL containing 50 mM Tris (pH 7.8), 100 mM
NaCl, and 1 mM EDTA. Data points with a standard error
of the mean (SEM) greater than half the signal were
excluded. A linear nonspecific bound (NSB) was sub-
tracted from free ligand concentrations greater than 200µM.
It is difficult to obtain data at the higher concentrations of
ligand and, therefore, for the secondary or low-affinity
binding sites, due to the increasing NSB and protein
concentration limits. The data are normalized for varying
protein concentrations and then fit with eq 1 or 2 in
Tablecurve 2D from Jendel Scientific with SEM used to
weight the data.

Cyclic AMP binding by ADH and all cGMP binding are
fit with a two-binding site model (Scheme 1 and eq 1).
Primary binding sites 1 and 2 are initially equivalent in the
two-binding site model with the dimer composed of two
equivalent monomers on the basis of the assumption. The
two-binding site model kinetic scheme and equation are

Table 1: Crystal Structures Used as Templates for Molecular
Modelinga

PDB entry
no. of

cAMPs/dimer other
resolution

(Å)

1g6n (23) 2 2.1
1run (24) 2 DNA1 2.7
1lb2M (25) 2 DNA1 and polymerase 3.1
1i5zb 3 1.9
1o3qM (8) 4 DNA1 3.0
2cgpM (7) 4 DNA2 2.2

a The superscript M denotes the crystallographic asymmetric unit
contains a monomer. The number of cAMPs per dimer is the total
number of cAMP molecules bound in the dimer. Other denotes the
presence of either of the two DNA fragments (denoted DNA1 or DNA2)
or RNA polymerase fragments in the crystal structure and retained
during molecular modeling. Templates 1o3q and 2cgp are used to
compare cAMP and cGMP binding. 1g6n, 1run, 1lb2, 1i5z, and 1o3q
are used to compare cAMP binding to ADH, CRP, and R180K.
b Structure 1i5z was available via personal communication with J. C.
Lee and the Protein Data Bank.
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Scheme 1

where [Pf] is the free protein dimer concentration,Nf is the
free ligand concentration, P is the dimer with one or two
bound ligands, andK1 andK2 are the equilibrium association
constants. The factors in the numerator and denominator
before theK’s in the equation are statistical factors used to
balance the number of available binding sites and bound
ligands. The 2 precedingK1 accounts for the two free binding
sites capable of binding the ligand. The 2 before the
numeratorK1K2 accounts for two ligands being bound to the
protein and is missing from the denominator because the
dimer concentration is considered here. The division of each
term by [Pf] produces the 1 term. The numerator is
consciously not divided by 2 to make it equivalent to a two-
site Adair equation (1,1) to show the maximum number of
bound ligands on the plot.

The cAMP data with R180K and CRP are fit with a 2×
2-site binding equation. The first two binding sites are
equivalent to binding sites 1 and 2 and represent the primary
binding sites. Secondary binding sites 3 and 4 bind ligand
after primary binding site 2 is occupied. The absence of X-ray
data with ligands bound to binding sites 1 and 3 without
binding site 2 also containing ligand supports this assump-
tion. Binding sites 3 and 4 are initially equivalent, but are
differentiated when binding site 3 binds ligand. The assump-
tion is made even though the CRP X-ray crystal structure
suggests structural differences in the binding sites (6). The
kinetic scheme [similar to that proposed by the Lee group
(11)] and equation are

Scheme 2

where [Pf] is the free protein dimer, [P] is the concentration
of bound dimer in each state,Nf is the free ligand concentra-
tion, cN1 and cN2 are the primary and secondary binding
sites, respectively, andK1, K2, K3, andK4 are the association
constants for ligands 1, 2, 3, and 4, respectively. The numbers
in each term are statistical weights accounting for the number
of binding sites available and the number of ligands bound.

In the numerator, theK1 and K1K2 coefficients are
equivalent to those in the two-binding site model. The three
bound ligands and the two equivalent binding sites generate
the 6. The four bound ligands account for the 4. In the

denominator, the 2 beforeK1K2K3 denotes the number of
free binding sites, whereas there is no factor beforeK1K2K3K4

as this is in terms of protein concentration in the denominator.
The 1 term derives from dividing each term by [Pf]. To
compare to a four-site Adair equation, the numerator needs
all terms divided by 4, giving 0.5, 0.5, 1.5, and 1. The four-
binding site Adair equation coefficients (numerator 1, 3, 3,
1 and denominator 1, 4, 6, 4, 1) are not equal to the 2×
2-binding site model due to the 2× 2-site model assumption
that the four binding sites are not initially equivalent. A 2×
1-site model is a variation of the 2× 2-site model described
above. The assumption of the negative cooperativity being
so immense that a fourth cAMP molecule is unable to bind
as suggested by the 1i5z crystal structure differentiates this
model from the 2× 2-site model. The fourth term in the
kinetic scheme is dropped, and the terms includingK4 in
the numerator and denominator are removed. There is no
change in the coefficients as the total number of binding
domains remains the same.

Chymotrypsin proteolytic assaysare performed with no
ligand or varying cAMP concentrations at 37°C with
concentrations of protein andR-chymotrypsin (Sigma-
Aldrich Co., catalog no. C4129, EC 3.4.21.1) of 20µM and
12 µg/mL (∼0.5 µM), respectively, in reaction buffer [50
mM sodium phosphate (pH 7.8), 100 mM NaCl, and 1 mM
EDTA]. The reaction progresses for 15 min when the cAMP
concentration is varied and from 0.5 to 300 min during time
course experiments. The reaction is stopped by adding 25
µL of 2× gel loading dye [100 mM Tris-HCl (pH 6.8),
200 mM dithiothreitol, 4% (w/v) SDS, 0.2% bromophenol
blue, 20% glycerol, 0.5µg of BSA, and 2 mM PMSF] to
25 µL of sample followed by heating for at least 1 min at
>80 °C; 25 µL of the sample is electrophoresed on 13 cm
× 14 cm × 0.1 cm 15% acrylamide gels. The gels are
digitized and analyzed with Scion Imaging software by Scion
Corp.

The CRP cleavage rate is determined for several ligand
concentrations at fixed protein and chymotrypsin concentra-
tions, similar to what had been previously done with subtilisin
(31). A time course experiment produces a decrease in the
amount of uncleaved protein (U) and a proportional increase
in the amount of cleaved protein (C). The cleavage rate of
U and the formation rate of C are equivalent under the
conditions that were used, although C is further degraded
during longer cleavage times (>90 min) to fragments not
visible on a gel. The fixed protein and chymotrypsin
concentrations, as well as the detection limits of the gels,
ensure that the visible reaction took place under steady-state
conditions.

Taking the log of the amount of uncleaved protein
produces a linear transform when plotted against reaction
time as a further indication that the reaction occurred at
steady state. The slope of the line was taken as the cleavage
rate. A nonlinear fit is applied to the cleaved protein so that
the fit is not biased by an inaccurate determination of the
final amount of protein. The reaction rates were left in terms
of arbitrary units per minute (AU/min) as the amount of
protein is determined in Scion with AU.

Cleavage and formation reaction rates are determined from
gels with at least five reliable data points in the 10-90%
amount of protein range. Extremely slow or fast rates
sometimes could only have their formation or cleavage rate

[Pf] + [cNf] 798
K1

[P‚cN] + [cNf] 798
K2

[P‚cN2] + [cNf]

[bound cNMP]

[dimer]
)

2K1cNf + 2K1K2cNf
2

1 + 2K1cNf + K1K2cNf
2

(1)

[Pf] + [cNf] 798
K1

[P‚cN1] + [cNf] 798
K2

[P‚cN1
2] + [cNf] 798

K3
[P‚cN1

2‚cN2] + [cNf] 798
K4

[P‚cN1
2‚cN2

2] + [cNf]

[bound cNMP]

[dimer]
)

2K1cNf + 2K1K2cNf
2 + 6K1K2K3cNf

3 + 4K1K2K3K4cNf
4

1 + 2K1cNf + K1K2cNf
2 + 2K1K2K3cNf

3 + K1K2K3K4cNf
4

(2)
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determined. The two rates were averaged when both were
available and from the same gel, and each rate was calculated
with an average of 8.5 points in the 10-90% range. In
addition, the formation rates have at least three data points
defining the plateau for the fit.

The kinetic scheme below is assumed

Scheme 3

where CRPU is the uncleaved monomer capable of binding
two ligands, one in the primary binding site and one in the
secondary binding site, CRPC is the cleaved monomer which
contains only the primary binding site (15, 32), andυ0, υ1,
andυ2 are the irreversible cleavage rates when the monomer
binds zero, one, and two ligands, respectively. The individual
rates combine to produce the total cleavage rate (υtotal) at
any given ligand concentration. The reduced equation for
describing the relationship for monomeric CRP is

where υno ligand, υSatADH, and υSatCRP+R180K correspond to
υ0, υ1, andυ2, respectively. These rates are determined at
limiting conditions of no ligand or saturating ligand and
assumed to be the same for all three proteins.K1 andK3 are
the equilibrium constants for cAMP binding to the primary
and secondary binding domains, respectively.K3 is used
instead ofK2 to keep the nomenclature between monomeric
CRP and dimeric CRP equivalent.KC is the constant for
binding of ligand to the cleaved protein and is not accounted
for as the concentration of cAMP is much greater than the
total amount of CRP such that the effect should be negligible.
This is not an Adair type equation as previously used (31)
since the ligand binding is assumed to be sequential with
the primary binding site needing to bind ligand and forming
the secondary binding site which can then bind ligand.

This equation is reduced for ADH to

because the secondary binding site is not capable of binding
cAMP. Equation 4 is expanded for fitting to a dimer instead
of a monomer:

where K2 is the second primary binding site association
constant. The coefficient of 2 is added to account for the
two monomers that are assumed to be cleaved at the same

reaction rate. Theυtotal values at various cAMP concentrations
with ADH, CRP, and R180K were fit with Tablecurve 2D
using user-defined eqs 3-5 to determineK1 andυSatADH for
monomeric ADH,K1 andK3 for CRP and R180K, andK1,
K2, andυSatADH for dimeric ADH.

DNA binding assaysare used to determine the ability of
the ADH and R180K to selectively and nonselectively bind
DNA. PCR methods are used to generate DNA fragments
of T7 polymerase (2682 bp) (33), LeuO protein (1070 bp)
(34), the thermolabile cIλ repressor (759 bp) (35), a fragment
of CRP (496 bp), thelac promoter (345 bp), thedsrA
promoter (209 bp) (19), and themcl promoter (95 bp) (36)
for the DNA binding experiments. Purified DNA from
Bl-21 DE3E. coli (Novagen Inc.) is the DNA template for
T7 polymerase, LeuO, thedsrA promoter, and themcl
promoter. Thelac promoter template is generated from the
pAlter-1 vector (Promega Corp.) and the thermolabileλ
repressor template from the pRK 248 vector (37). The lac
promoter contains two CRP binding sites.

The DNA binding reactions for the gel in Figure 6A use
all the DNA fragments but that derived from CRP, and
reactions for panels B-D of Figure 6 include nolac promoter
DNA. DNA binding followed the method described by
Crothers and co-workers (38) and described previously (30)
with minor modifications. Binding reaction mixtures are
incubated at room temperature in the presence of 200µM
cAMP (Figure 6A) or 2 mM cAMP (Figure 6B-D) and run
on 9 cm× 8 cm× 0.1 cm gels composed of 6% (w/v) total
acrylamide (29:1 acrylamide:bisacrylamide). Final solution
conditions in the binding reactions are 30 mM sodium
acetate, 10 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 10 mM
MgCl2, 1 mM DTT, and 10% glycerol. Reaction mixtures
have a total volume of 25µL containing∼100 ng of each
DNA fragment and the indicated concentration of ADH,
CRP, or R180K. Gels are stained by being soaked in
ethidium bromide and photographed under UV illumination.

RESULTS

Initial molecular modeling attemptsusing 1o3q- and 2cgp-
derived molecular models with cAMP and cGMP are
averaged and compared to suggest mutations for inactivation
of the secondary cyclic nucleotide binding domain (Figure
1). The difference in the nonbonded external energy for
amino acids in the cGMP model and the cAMP model is
shown in theR-carbon trace in Figure 1A, with the amino
acid locations or ligand (space filling) color-coded for their
differences divided into five ranges: blue for 0-1 kJ/mol,
cyan for 2-4 kJ/mol, violet for 5-9 kJ/mol, yellow for
10-19 kJ/mol, and red for>20 kJ/mol. The residues which
have large nonbonded external energy differences (yellow
and red residues) are spread throughout the dimer with Glu
34 and Lys 35 inâ-strand 3, Glu 54, Glu 55, and Lys 57 in
theâ4-â5 loop, and Asp 155 in theRD-â9 loop showing
differences in both monomers. Residues Glu 37 inâ-strand
3, Asp 53 in theâ4-â5 loop, Arg 82 and Thr 89 inâ-strand
7, Tyr 100 and Lys 101 inR-helix B, Glu 129 inR-helix C,
Asp 138 in theRC-RD loop, Arg 142 inR-helix D, and
Arg 185 in R-helix F exhibit differences in one of the two
monomers.

Lys 57 is the only residue which faces the purine ring
and experiences a calculated energy difference when cGMP

υtotal )
υno lig + υSatADHK1[cAMP] + υSatCRP+R180KK1K3[cAMP]2

1 + K1[cAMP] + K1K3[cAMP]2

(3)

υtotal )
υno lig + υSatADHK1[cAMP]

1 + K1[cAMP]
(4)

υtotal )

υno lig + υSatADHK1[cAMP] + 2υSatADHK1K2[cAMP]2

1 + K1[cAMP] + υSatADHK1K2[cAMP]2
(5)
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replaces cAMP in the models (Figure 1B). It lies across the
purine ring interacting with the bound DNA and comprises
part ofâ-strand 5 that is important for CRP activation. Also,
Lys 57 interacts with the electron rich purine and bound DNA
and therefore should not select cAMP over cGMP. Further,
the models seem to indicate that there are differences in the
cAMP and cGMP purine ring structure that may inhibit
binding of cGMP to the secondary binding domain and not
protein interactions with ligand. For these three reasons, Lys
57 is excluded as a candidate, leaving no viable candidates
for inhibition of the binding of cAMP to the secondary cyclic
nucleotide binding domain. Residues which interact with the

ribofuranose were next targeted to remove cyclic nucleotide
binding. Arg 180 interacts with the phosphate of the
ribofuranose ring and is the best candidate for mutation. Ser
179 also interacts with the ribofuranose ring and may be a
determinant for syn and anti purine ring conformation so
was also chosen as a candidate. It should be noted that the
Ser-Arg sequence is the reverse of an important Arg-Ser (or
the similar Arg-Thr) sequence in the family of cyclic
nucleotide binding domains represented by the CRP primary
cyclic nucleotide binding domain. Glu 181 is also a candidate
for mutation, but mutation would likely result in a loss of
DNA specificity. The two mutants on which we decided were
the Ser179Ala/Arg180Asp/Glu181His (ADH) and Arg180Lys
(R180K) mutants. The ADH mutant was made to completely
inhibit binding of cAMP to the secondary cyclic nucleotide
binding domain, and R180K was thought to be able to move
the positive charge far enough from the secondary binding
site to result in weakened cAMP binding while still being
able to retain the specific DNA binding capabilities of CRP.

Purification and expressionof the mutants showed quali-
tative differences between their purification and expression
characteristics and those of CRP. First, empirically, ADH
purifications produced more protein per liter of growth
medium than R180K which produced more than CRP.
Second, purification of the proteins was to have a two-
column system: A25 anion-exchange resin used to remove
contaminating proteins followed by BioRex 70 cation-
exchange resin that would retain the protein until a salt ramp
was used to elute the protein from the BioRex 70 resin. The
BioRex 70 column did not readily retain ADH, although it
did retard the progress until late in the washing step when
contaminating proteins were nonexistent. Third, empirically,
ADH and R180K seemed to be less stable to temperature
changes than CRP. Finally, only CRP was able to elicit
positive results when using MacKonkey Agar (results not
shown) to showâ-galactosidase activity in response to
overexpression of CRP in the presence of 10 mM cAMP.

Overloaded protein analyzed by SDS-PAGE was purified
to >95% for ADH, CRP, and R180K. The concentrations
of the protein and the results were standardized for all the
following experiments using an extinction coefficient of
20 400 M-1 cm-1 at 278 nM (39). Many of the experiments
were carried out in tandem with ADH, CRP, and R180K to
minimize differences caused by reagents and other unfore-
seen variations in procedure. CRP could be concentrated to
22.5 mg/mL, while R180K and ADH were limited to
concentrations no greater than 5.0 and 7.5 mg/mL, respec-
tively, using Amicon Bioseparation’s Centriprep and Cen-
tricon centrifugal filter devices.

[ 3H]cAMP and [3H]cGMP binding experimentsare con-
sistent with CRP and R180K binding four cAMP ligands at
saturating cAMP concentrations and two ligands at saturating
cGMP concentrations (Figure 2 and Table 2). ADH binds
two ligands at saturating concentrations of both cAMP and
cGMP. The two-binding site model is used to fit the cGMP
curves (r2 ) 0.96 for ADH, r2 ) 0.87 for CRP, andr2 )
0.95 for R180K) as well as the ADH cAMP binding curve
(r2 ) 0.89). All cGMP fits had random residuals (not shown)
throughout the range of ligand concentrations that were tested
using the two-site model. The 2× 2-binding site model was
used to fit the CRP (r2 ) 0.91) and R180K (r2 ) 0.97) cAMP
data. The ADH cAMP data 2× 2-site fit (r2 ) 0.83, not

FIGURE 1: Molecular modeling suggests syn cGMP purine ring
differences inhibit binding to the CRP secondary binding sites. (A)
Dimer 1o3q- and 2cgp-derived CRP molecular models with cAMP
or cGMP had the external nonbonded energy for each amino acid
determined by AMMP. The average absolute (cGMPaverage -
cAMPaverage)/2 external nonbonded energy difference is shown on
the 2cgp crystal structureR-carbon trace. The amino acid locations
or ligands (space filling) are color-coded for their differences: blue
for 0-1 kJ/mol, cyan for 2-4 kJ/mol, violet for 5-9 kJ/mol, yellow
for 10-19 kJ/mol, and red for>20 kJ/mol. The bound DNA is
colored orange. The labels are locations in either monomer 1 or
monomer 2 (underlined). The two lines are the path of the C
R-helices for monomer 1 (dotted) and monomer 2 (solid). The
arrows point to the position of Phe 136 for monomer 1 (dotted
tail) and monomer 2 (solid tail). The dotted box contains a
secondary cAMP binding site expanded in the next panel. (B) Close-
up of a secondary binding domain. Glu 54, Glu 55, and Lys 57 are
on theâ4-â5 loop. Ser 179, Arg 180, and Glu 181 are located at
the beginning ofR-helix F. Asp 138 is located in theRC-RD loop.
Lys 166 is betweenâ-strand 10 andR-helix E. Phe 136 is located
on R-helix C of the second CRP monomer. All labeled residues
except Glu 54, Glu 55, Asp 138, and Lys 166 face the bound cAMP
ligand.
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shown) consistently overestimated the number of ligands
bound per dimer at high cAMP concentrations compared to
the random residuals of the two-site model fit. The CRP and
R180K cAMP data two-site fit (r2 ) 0.89 and 0.96,
respectively, not shown) consistently underestimated the
number of bound ligands per dimer at high cAMP concentra-
tions compared to random residuals with the 2× 2-site model
fits. The CRP and R180K cAMP data were also fit to a 2×
1-site model producing the samer2 andK1’s andK2’s similar
to those of the 2× 2-site model with largerK3’s accounting
for the loss of a site (K3CRP) 5100 M-1 andK3R180K) 1700

M-1). The residuals showed the fit consistently underesti-
mated the number of molecules bound as occurred with the
two-site model fitting.

Each data set represents several experiments and purifica-
tions normalized to account for varying protein concentra-
tions and specific activity used for each experiment with an
average of 35 data points used for cAMP fits and 16 data
points for cGMP fits. All the fits showed an increased affinity
for binding the second cyclic nucleotide in the dimer except
for R180K with [3H]cGMP. The secondary site had less affin-
ity for cAMP than the primary site, and ADH exhibited no
binding to the secondary sites. The differences in the second-
ary binding site cAMP affinity by CRP and R180K could
be due to the quality of data at the higher cAMP concentra-
tions.

The association constants were converted to∆G, and the
differences among CRP, ADH, and R10K (Table 3) ligand
binding were compared. All three proteins show a positive
cooperativity (average of 2.2 kJ/mol) in the primary binding
sites with [3H]cAMP with ADH (-53.0 kJ/mol) and R180K
(-54.7 kJ/mol) having nearly equivalent total binding
energies. CRP (-59.0 kJ/mol) produces slightly more energy
when binding [3H]cAMP to the primary binding sites. CRP
(-40.9 kJ/mol) produces more energy than R180K (-37.9
kJ/mol) when binding ligands to the secondary binding sites,

FIGURE 2: ADH dimer which binds only two ligands at saturating cAMP concentrations. Data for binding of [3H]cAMP-ADH (A),
[3H]cGMP-ADH (B), R180K (D), and CRP (F) are fit with the two-site binding model (eq 1). Data for binding of [3H]cAMP-CRP (C)
and R180K (E) are fit with the 2× 2-site binding model (eq 2). The dotted line denotes two ligands per dimer. The error bars are in terms
of the standard error of the mean. The solid line is the fit. The association constants are listed in Table 2.

Table 2: [3H]cAMP and [3H]cGMP Binding Constants for CRP and
the ADH and R180K Mutantsa

Ka1

(M-1)
Ka2

(M-1)
Ka3

(M-1)
Ka4

(M-1) r2
no. of
pointsb

cAMP
ADH2 37000 52500 0.89 37
CRP2×2 98200 227900 2000 7200 0.91 40
R180K2×2 29700 133200 30 144900 0.97 30

cGMP
ADH2 17400 82900 0.96 15
CRP2 62800 182300 0.87 20
R180K2 40400 11000 0.95 14

a The weighted data were fit with a two-binding site model
(superscript 2) or a 2× 2-site model (superscript 2×2). r2 denotes the
goodness of fit.b Number of data points used in the fit.
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and both exhibit positive cooperativity (3.1 and 21.0 kJ/mol,
respectively). ADH, CRP, and R180K bind cGMP with an
average of-53.0 kJ/mol. ADH and CRP display positive
cooperativity (3.9 and 2.6 kJ/mol, respectively), while R180K
has negative cooperativity (-3.2 kJ/mol).

The energies are used only for comparative purposes, and
the small differences and quality of data suggest that the
binding constants might be more similar than those calculated
from the data. The positive cooperativity trends are likely
real, although the negative cooperativity of R180K with
cGMP suggests caution when comparing the values. The
quality of data did not allow exclusion of a four-site Adair
model which can fit the data with the equivalentr2 as the 2
× 2-site model producing binding energies distributed more
evenly over the four-site Adair model’s four “equivalent”
cyclic nucleotide binding sites. The binding data clearly
suggest the ADH mutation has inhibited binding of cAMP
to the secondary cyclic nucleotide binding domain.

Chymotrypsin proteolytic cleaVage experiments(Figure 3)
are performed to determine whether the biphasic proteolytic
cleavage pattern is due to binding of cAMP to the secondary
binding sites and to clarify the tritium binding experiments.
The first set of ADH proteolytic cleavage experiments
(Figure 3A) suggests that the biphasic cleavage pattern seen
with CRP and R180K (Figure 3B,C) is due to binding of
cAMP in the secondary nucleotide binding domains and not
due to binding of cAMP in the second of the primary binding
sites. Further, the data show that ADH is not capable of
binding cAMP in the secondary binding sites and that the
two-binding site model was the correct model for determining
cAMP tritium binding constants. The biphasic pattern for
CRP and R180K suggests a four-binding site Adair model
is inappropriate for determining cAMP binding constants.
Finally, chymotrypsin was unable to cleave ADH, CRP, or
R180K in the presence of varying concentrations of cGMP
(not shown).

ADH reaction rates are fit with monophasic equations
(Figure 3D) with ADH treated as a monomer or a dimer
with each monomer binding a single ligand (υ1) (Table 3).
CRP and R180K are fit with biphasic rate equations (panels
E and F of Figure 3, respectively) that contain fixed reaction
rates. The data are not sufficiently complete to fit the CRP
and R180K reaction curves with a 2× 2-binding site dimeric
equation. It was assumed that the ADH, CRP, and R180K
reaction rates for zero, one, or two bound ligands per
monomer would not vary due to the placement of the
mutations outside the peptide region that chymotrypsin binds
and cleavage occurs at Phe 136.

The average reaction rates used for fitting the data for
zero and two bound ligands were determined at the limits
of the CRP and R180K curves (0 mM cAMP for zero
bound cAMP molecules and 40 mM cAMP for two bound
cAMP molecules) to be 0.0045 and 0.0073 AU/min, respec-
tively. The reaction rate with one ligand bound is cal-
culated when the ADH curve is fit to the monophasic
equation, determined to be 0.251 AU/min, and fixed in the
biphasic rate equation for use with CRP and R180K. The
ADH rate of 0.251 is near the average rate of 0.253 for the
three proteins and is used here as it is possible to saturate
the single primary site of each monomer. The rates for
variable one-ligand bound fits of CRP and R180K (not
shown) are 0.261 and 0.248, respectively, with ther2 values
being the same as those for the fixed rates. Phe 136 is 34
times more likely to be exposed to solvent and cleaved by
chymotrypsin when a single ligand of cAMP is bound to
the CRP monomer than when two ligands are bound and is
more than 50 times more likely to be cleaved than in the
absence of ligand according to these data. The rate decreased
to nearly half (0.126 AU/min) with ADH determined by a
dimeric equation.

The ADH, CRP, and R180K cAMP association constants
are also determined during fitting of the total cleavage rate

Table 3: Association Constants Converted to∆G Valuesa

cAMP ∆G1 ∆G2 ∆G3 ∆G4 ∆Gtot ∆G12 ∆G34 ∆Gtot1+2 ∆Gtot3+4

ADH2 -26.1 -27.0 -53.0 0.9 -53.0
CRP2×2 -28.5 -30.5 -18.9 -22.2 -99.9 2.1 3.1 -59.0 -40.9
R180K2 ×2 -25.5 -29.2 -8.4 -29.4 -92.6 3.7 21.0 -54.7 -37.9
cGMP
ADH2 -24.2 -28.1 -52.3 3.9 -52.3 NA
CRP2 -27.4 -30.0 -57.4 2.6 -57.4 NA
R180K2 -26.3 -23.1 -49.3 -3.2 -49.3 NA
a ∆G1, ∆G2, ∆G3, and∆G4 are the binding energies forKa1, Ka2, Ka3, andKa4, respectively, converted using the relation∆G ) -RT ln Ka, where

T ) 298 K andR ) 8.314 J mol-1 K-1. ∆G12 and∆G34 are the cooperativity energies in the primary and secondary binding sites, respectively,
calculated by the formula∆G12 ) 2∆G1 - ∆G1 - ∆G2. ∆Gtot1+2 and∆Gtot3+4 are the amounts of energy contributed from binding the two ligands
in the primary and secondary sites, respectively, and∆Gtot is the total energy contributed by all ligands. All entries are in units of kilojoules per
mole.

Table 4: ADH, R180K, and CRP cAMP Binding Constants Derived from Proteolytic Cleavage Reactionsa

Ka1 Ka2 Ka3 r2 ∆G1 ∆G2 ∆G3 ∆G1prot-trit ∆G2prot-trit ∆G3prot-trit υ1

ADHM 13700 0.913 -23.5 2.5 0.251
ADHD 35000 5600 0.914 -25.9 -21.4 0.2 5.5 0.126
CRP 8300 700 -22.4 -16.1 6.1 2.8 0.251F

R180K 6100 1300 -21.6 -17.9 3.9 -9.4 0.251F

a The ADH, CRP, or R180Kνtot curves were fit with single-variable rate monomeric monophasic model (ADHM), a single-variable rate dimeric
monophasic model (ADHD), or a fixed rate monomeric biphasic model (υF). cAMP association constantsKa1, Ka2, andKa3 are for binding sites 1,
2, and 3, respectively.∆G1, ∆G2, and∆G3 are the calculated binding energies.∆G1prot-trit, ∆G2prot-trit, and∆G3prot-trit are the differences between
the ∆G1, ∆G2, and ∆G3 binding energies determined using [3H]cAMP binding and protease cleavage reactions. All∆G values are in units of
kilojoules per mole.

Mechanism of CRP Selective and Nonselective DNA Binding Biochemistry, Vol. 44, No. 24, 20058737



cAMP concentration dependence (Table 3). The monomeric
fits assume the association constants are for binding of the
ligand to the primary or secondary binding sites, and two
chymotrypsin proteins can bind the protein dimer at the same
time. The association constant for the primary binding site
shows less affinity compared to that found using the tritium
binding method (Ka1H

3 ) 98 200 M-1 andKa1proteolysis) 8300
M-1 for CRP). Binding of a ligand to the secondary binding
sites precludes chymotrypsin cleavage and therefore allows
a more accurate determination ofKa3 in the proteolytic assay.
The pattern of primary binding site affinity for cAMP (ADH
> CRP> R180K) is not the same as in the tritium binding
experiments (CRP> ADH > R180K), but this could be due
to the quality of tritium binding experiments at high ligand
concentrations affecting the calculatedKa’s for both the
primary and secondary binding sites. The affinities of the
CRP (Ka3H

3 ) 2000 M-1 and Ka3proteolysis) 700 M-1) and
R180K (Ka3H

3 ) 30 M-1 and Ka3proteolysis ) 1300 M-1)
secondary binding sites are likely more similar than the
tritium experiments suggested. TheKa1proteolysis of ADH
(35 000 M-1) is nearly equal toKa1H

3 (37 000 M-1) when
the monomer restriction is removed, althoughKa2proteolysis

(5600 M-1) is 1 order of magnitude smaller thanKa2H
3

(52 500 M-1).

The cAMP proteolytic association constants were also
converted to binding energies (∆G) for comparison with
tritium binding energies. The near-equivalent amount of
binding energy for the first ligand binding ADH in the
dimeric model (∆G1H

3 ) -26.1 kJ/mol and∆G1proteolysis)
-25.9 kJ/mol) suggests the decrease in theKa’s when
comparing the tritium and proteolytic cleavage binding
assays is due to the assumption that two chymotrypsin
molecules can bind the ADH dimer at the same time.
The inability of two chymotrypsins to bind to the ADH
dimer reduces the apparent binding energy of the second
binding step and effectively decreases the accompanying
Ka2 in the dimeric models. The decrease in monomeric
model ∆G1proteolysis (2.5 kJ/mol) is nearly half the loss of
the dimeric model∆G2proteolysis (5.5 kJ/mol) because the
reduction in energy is mathematically distributed across
the binding reactions in monomeric models. The binding
energy difference (2.8 kJ/mol) for CRP’s secondary
binding site is attributed to having a smaller energetic
penalty for binding a second chymotrypsin simultaneously,
which is necessary with the primary binding sites. The
penalty for not being able to bind two chymotrypsins is
likely near the minimal amount of 2.5-2.8 kcal/mol per
monomer.

FIGURE 3: ADH is not protected from chymotrypsin at saturating concentrations of cAMP. ADH (A) has a monophasic cAMP-dependent
response to chymotrypsin cleavage, and CRP (B) and R180K (C) have biphasic cAMP-dependent responses to chymotrypsin cleavage. U
denotes uncleaved protein, and C denotes chymotrypsin-cleaved protein. NE lanes had no protease added, and NL lanes had protease but
no ligand. The plots of measuredυtotal vs log[cAMP] for ADH (D), CRP (E), and R180K (F) were fit (solid line) by a monophasic rate
equation (υADHtotal, eq 4 or 5) or a biphasic rate equation (υCRPtotalandυR180Ktotal, eq 3). The associatedυ, Ka, andr2 values for each fit are
listed in Table 4.
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Final molecular modelsfor ADH, R180K, and CRP were
derived from crystal structures 1g6n (23), 1run (24), 1lb2
(25), 1i5z, and 1o3q (8) from the Protein Data Bank. A
similar DNA template was present during the structure
determination of DNA containing crystal structures and
provides the main reason for choosing these structures. The
external nonbonded energies were determined for each amino
acid in the models and averaged together for the five ADH-,
R180K-, or CRP-derived models. There are only five amino
acids with external nonbonded energy differences greater
than 10 kcal/mol when the R180K- and CRP-derived models
are compared (Figure 4A), and all are in the second
monomer. Residue 334 (Glu 34) is located at the beginning
of â-strand 3, residue 378 (Glu 78) at the beginning of
â-strand 7, residue 429 (Glu 129) in theR-helix C, residue
452 (Lys 152) just afterR-helix D, and the expected residue
480 (Arg/Lys 180) at the start ofR-helix F. Residues Glu
129 and Lys 152 are across from each other and may position
the DNA binding domain. Arg 180 interacts with the bound
ligand’s ribofuranose phosphate, and the difference can be
attributed in part to the mutation from Arg to Lys, although
the energy difference occurs in only one of the monomers.

The external nonbonded energy differences of>10
kcal/mol are dominated by a single model with a difference
of more than 40 or two models with differences of greater
than 20 which pushes the average differences just above the
cutoff, the largest average difference being 12. There are
still three differences if the threshold is dropped to 5
kcal/mol: residues 378 (Glu 78), 452 (Lys 152), and 480
(Arg/Lys 180). The threshold would have to be dropped to
2 kcal/mol for Lys 180 to show no differences between
monomers (see Figure 4B), but the real difference between
monomers is half the 8 kcal/mol difference between the 2
and 10 kcal/mol cutoffs. The only ligand in the R180K
models that shows a difference greater than 5 kcal/mol but
not greater than the 10 kcal/mol threshold is in the secondary
binding domain of monomer A.

Sixty-two amino acids have external nonbonded energy
differences greater than 10 kcal/mol when the average
external nonbonded energies of ADH and CRP are compared
(see Figure 4C). Twenty-two amino acids have differences
in both monomers in the dimer, and 18 are unique to one
of the monomers. The largest energy differences (>20
kcal/mol) correspond to the mutated Arg 180 and Glu 181.

FIGURE 4: Molecular models suggest amino acid interaction energies are similar in CRP and R180K and that cAMP binding should be
inhibited in the ADH secondary binding domain. (A) Dimer 1g6n-, 1o3q-, 1run-, 1lb2-, and 1i5z-derived CRP and mutant (ADH and
R180K) with cAMP molecular models had the nonbonded energy for each amino acid determined by AMMP. The average absolute (CRPaverage
- R180Kaverage)/2 external nonbonding energy difference for the five models is shown on the 2cgp crystal structureR-carbon trace. The
labels and color code are as in Figure 1. (C) The average absolute (CRPaverage- ADHaverage)/2 external nonbonding energy difference for
the five models is shown on the 1o3q-derived CRP molecular modelR-carbon trace. Panels B and D are close-ups of the dotted box regions
of panels A and C, respectively.

Mechanism of CRP Selective and Nonselective DNA Binding Biochemistry, Vol. 44, No. 24, 20058739



There are energy differences spread throughout the models
with concentrations surrounding the secondary binding sites,
especially in the loop 4-5 area, the top ofR-helix C, and
R-helix F where the ADH mutations occur. Amino acids Lys
44 betweenâ-strands 3 and 4; Lys 52, Glu 55, Lys 57, and
Glu 58 onâ-strands 4 and 5 and the intervening loop; Glu
81 and Arg 82 onâ-strand 7; Arg 87 and Lys 89 onâ-strand
7; Lys 101 and Lys 130 onR-helix C; Asp 138 between
helices C and D; Arg 142 inR-helix D; Lys 152 and Asp
155 betweenR-helix D andâ-strand 9; Lys 166 inâ-strand
9; Arg 169 in R-helix E; Arg/Asp 180, Glu/His 181, Lys
188, and Lys 201 inâ-strand 12; and Arg 209 afterâ-strand
12 show differences in both of the monomers making up
the dimer. Residues Asp 8, Ser 16, Asp 53, Lys 100, Arg
103, Asp 111, Arg 123, Asp 161, Glu 171, Glu 191, and
Asp 192 have large differences only in monomer A, while
residues 322 (Lys 22), 326 (Lys 26), 335 (Lys 35), 354 (Glu
54), 393 (Glu 93), 429 (Lys 129), and 485 (Arg 185) have
differences in monomer B.

Clearly, the mutations have distant effects throughout the
CRP dimer, and it is suggestive that the main effect of the
ADH mutations is a disruption of the charged amino acid
network encompassing the dimer complex. This might be
exaggerated with water not included in the models, although
one of the main assumptions is that water and entropic effects
would be negligible when averaging the five crystal structures
and subtracting the model systems from each other. Sup-
porting the idea of a charge network is the comparative
lack of differences between CRP and R180K where the
charged species is conserved and the energy differences
present in the CRP and R180K comparison are also present
in comparison of R180K and ADH. There are 24 amino acids
with different predicted energy differences in the ADH versus
R180K (not shown) and ADH versus CRP comparisons. This
decreases to differences in two residues, at positions 308
(Asp 8) and 337 (Glu 37), if the threshold is dropped to 5
kcal/mol. Further, all the residues which differ in external
nonbonded energies when cAMP- and cGMP-bound models
are compared are included in the CRP and mutant model
comparisons.

The large ADH and CRP differences which face the
binding pocket, Lys 57, residue 180, and residue 181, occur
in both monomers (Figure 4D), leading to large differences
between the bound cAMP ligand. The molecular modeling
agrees with the tritium binding and proteolysis results of the
ADH mutations inhibiting the secondary binding domain and
is consistent with cGMP (Figure 1B) not being able to bind
the secondary binding domain. The primary binding site
ligands show CRP and ADH differences, but this is at the
low end of the 10-19 kcal/mol range with just 11 and 13
kcal/mol.

The lack of proteolytic protection in ADHis related to
the position of Lys 57. Lys 57 is crucial for determining the
level of exposure of Phe 136 to solvent and therefore to
chymotrypsin cleavage as suggested by the molecular
models. The CRP-derived 1run model has Lys 57 across the
purine face and interacting with DNA protecting Phe 136
from cleavage (Figure 5A).R-Helix C is positioned beneath
the Phe ring (in black), and Asp 53 is centered over the
Phe-conjugated ring system. Lys 57 interacts directly with
Asp 53 above Phe 136 with bound cAMP restricting the
access of Phe 136 to solvent in the R180K-derived 1run

model (Figure 5B). The Phe 136 conjugated ring system is
oriented toward the cAMP purine ring in response to the
repositioning of Lys 57 and is no longer oriented toward
Gly 132 andR-helix C. Phe 136 is oriented toward solvent
(between labels Lys 57 and Phe 136) in the absence of cAMP
with Asp 53 and Lys 57 still interacting, but no longer over
the Phe ring in the ADH-derived 1g6n model (Figure 5C).
The orientation of the Phe 136 ring is nearly parallel to that
of Gly 132. The 1g6n models represent the best opportunity
for chymotrypsin to bind Phe 136 and cleave the hinge
region. Bound DNA protects Phe 136 from cleavage by also
restricting access to the solvent (Figure 5D). Lys 57 can
interact more directly with DNA in the absence of cAMP,
and Asp 53 is positioned above the Phe ring. The orientation
of Phe 136 with respect toR-helix C nearly matches that
seen with bound DNA and cAMP.

DNA binding experimentswere performed to determine
the effect of the ADH and R180K mutations on their ability
to selectively and nonselectively bind DNA. CRP unexpect-
edly showed the ability to bind thedsrApromoter selectively
in initial DNA binding experiments using six DNA fragments
(mclpromoter,dsrApromoter,lac promoter, repressor, LeuO,
and T7 polymerase) (Figure 6A). ThedsrA promoter from
E. coli disappeared before the concentration of 200 nM CRP
was reached in 200µM cAMP. The lac promoter from the
vector pAlter-1 fragment had been selectively bound by 1000
nM CRP. Nonselective DNA binding started occurring at
500 nM CRP with the largest T7 polymerase DNA and was
nearly complete by 10µM CRP monomer with the disap-
pearance of themcl promoter. This result is significant for
two reasons: (1) the unexpected result of the selective
binding of thedsrA promoter by CRP and (2) the fact that
CRP has a higher apparent affinity for the selective binding
of the dsrA promoter than for thelac promoter.

The lac promoter was replaced in the DNA fragment mix
with a DNA fragment from the CRP clone that is nearly the
same size. CRP selectively bound thedsrApromoter with a
visible shift in size with the CRP-bounddsrA promoter in
the presence of 2 mM cAMP (Figure 6B). Half the totaldsrA
promoter DNA was bound between 20 and 200 nM CRP
and completely bound by 300 nM CRP. The nonselective
DNA binding starts at 300 nM CRP with the disappearance
of the T7 polymerase DNA and is completed by 5µM with
the disappearance of themcl promoter DNA. R180K with 2
mM cAMP visibly selectively binds thedsrApromoter at a
monomer concentration of 2µM, while nonselective DNA
binding starts occurring at a monomer concentration of 1
µM (Figure 6C). The R180K nonselective DNA binding is
complete with the disappearance of themcl promoter by 5
µM. ADH with 2 mM cAMP shows no visible selective
DNA binding and minimal nonselective DNA binding
starting at 2µM monomer (Figure 6D). Only the large T7
polymerase DNA fragment is absent once the monomer
concentration reaches 9µM with minimal disappearance of
the LeuO DNA fragment. The same batch of DNA fragment
mixture was used in the experiments shown in Figures
6B-D. Experiments performed with 200µM and 20 mM
cAMP showed no visible change in nonselective DNA
binding and changes that were hard to quantitate for selective
DNA binding. Further, the results with thelac promoter
mirror those with thedsrA promoter except that R180K
shows no selectivelac promoter DNA binding. A different
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experimental method needs to be employed to determine the
ligand-dependent changes in selective DNA binding for
R180K and thedsrApromoter and exhaustive comparisons
of the relative affinities of CRP forlac anddsrApromoters.

The inability of R180K to selectiVely bind the dsrA
promoter compared to CRP is difficult to understand without
the use of molecular models described earlier. The 1run
crystal structure (Figure 7B) shows that Arg 169 (onR-helix
F in black) and Arg 180 and Glu 181 (onR-helix E in dark
gray) interact with DNA (black ribbon). Arg 180 and Glu
181 face each other with an axis nearly parallel toR-helix
E. Arg 169 and Arg 180 are drawn to the bound cAMP
phosphate, effectively changing the axis between Arg 180
and Glu 181 to a near-perpendicular position in the 1o3q
crystal structure (Figure 7B). CRP 1o3q- and 1run-derived
molecular models show a similar trend with the initial
position of the Arg 180-Glu 181 axis nearly perpendicular
moving toward a horizontal position 180° from the 1run
crystal structure (Figure 7C,D). Arg 169 is also drawn to
cAMP’s phosphate in a motion more exaggerated than that
seen in the crystal structure. The R180K 1o3q- and 1run-

derived models show Arg 169, Lys 180, and Glu 181 motions
similar to those of the CRP-derived models (Figure 7E,F).
The Lys 180 point charge in R180K interacting more directly
with Glu 181 rather than stacking with Glu 181 like Arg
180 in CRP is the major difference in the R180K models.
Lys 180 is not able to interact with both the DNA and Glu
181 simultaneously. The lack of crystallographic and non-
crystallographic water is the cause of the exaggerated motions
seen in the molecular models.

ADH’s loss of nonspecific DNA bindingcan also be
explained with the molecular models. The ADH 1o3q-
derived model displays interactions between residues Arg
169, Asp 180, and His 181 and bound DNA (Figure 8A).
This model differs from the CRP and R180K 1o3q-derived
models in that both Asp 180 and His 181 interact with the
same strand of DNA, but this would likely not explain
the near-total loss of nonselective DNA binding. The ADH
1g6n-derived model provides a possible explanation (Figure
8B). Asp 180 directly interacts with Arg 169, likely preclud-
ing DNA from disrupting the interaction and therefore
precluding DNA binding. The CRP 1g6n-derived model

FIGURE 5: Molecular models imply that limited solvent exposure of Phe 136 inhibits chymotrypsin cleavage. (A) Asp 53, Lys 57, and Phe
136 1o3q-derived CRP molecular model interactions with bound DNA (gray space filling) and cAMP (white space filling). Theâ4-â5
loop R-carbons (light gray) andR-helix C (black) are highlighted. The color scheme is used in the rest of Figure 5. (B) Asp 53, Lys 57,
Gly 132, and Phe 136 1i5z-derived R180K molecular model interactions with cAMP in the absence of DNA. (C) Asp 53, Lys 57, Gly 132,
and Phe 136 1g6n-derived ADH molecular model interactions in the absence of DNA and cAMP. The area between the Lys 57 and Phe
136 labels is solvent-exposed. (D) Asp 53, Lys 57, Gly 132, and Phe 136 1run-derived CRP molecular model interactions with bound DNA
in the absence of cAMP.
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suggests a similar interaction may occur between Arg 169
and Glu 181 (Figure 8C), but this interaction is not
maintained in the 1g6n crystal structure (Figure 8D). The
Arg 169-Asp 180 interaction is much more likely to occur
than the Arg 169-Glu 181 interaction because of the
difference in position onR-helix E with Asp 180 facing Arg
169 and Glu 181 being solvent-exposed in one position
further down on theR-helix. The ADH nonselective binding
of DNA is likely inhibited by the Arg 169-Asp 180
interaction as DNA is not able to effectively compete with
Asp 180 for a crucial interaction with Arg 169.

DISCUSSION

The CRP secondary binding sites and the residues directly
impacted by bound cAMP have been explored. Binding of
cAMP to the secondary binding sites inhibits selective DNA
binding by repositioning residues Arg 180 and Glu 181 away
from the major groove while having little effect of nonselec-
tive DNA binding by allowing Arg 169 to continue interact-
ing with bound DNA. Secondary binding site-bound cAMP,
Leu 57, and Asp 53 decrease Phe 136 solvent and protease
access, protecting the hinge region from proteolytic cleavage.
Finally, the secondary binding sites are capable of binding
cAMP only after the primary binding sites have bound
cAMP. These results are consistent with previous reports but
differ by focusing on the contribution of the secondary

binding sites to proteolytic protection as well as selective
and nonselective DNA binding and providing further evi-
dence for a 2× 2-binding site ligand binding model.

The following discussion is predicated on the assumption
that the functional allosteric states which CRP and the two
mutants can occupy are equivalent to each other. The data
support this assumption as it relates to the binding of the
ligand in the primary binding site. Both mutants are capable
of achieving the functional CRP states as viewed by the
proteolytic cleavage of Phe 136. The mutants differ from
CRP in that R180K has inhibited selective DNA binding due
to the point charge of lysine versus the dispersed charge of
arginine. ADH differs from R180K and CRP in that the
mutations are incapable of binding the cAMP ribofuranose,
resulting in one ligand binding per monomer. The mutations
further remove the necessary residues for interaction with
the DNA major groove and therefore remove DNA selective
binding. An additional effect is that nonselective DNA
binding is compromised due to intramolecular interactions
between the mutated R180D and Arg 169. Even with these
differences, the nearly equivalent ligand binding and pro-
teolytic cleavage suggest the three proteins go through the
same allosteric states even though the mutations preclude
function from being carried out.

The 2× 2-binding site model is dependent on the primary
binding domains being occupied before the secondary

FIGURE 6: R180K selective and ADH nonselective DNA binding is disrupted. (A) The CRPdsrApromoter affinity is greater than thelac
promoter affinity. The early disappearance of thedsrA and lac promoter DNA fragments denotes selective DNA binding. Nonselective
DNA binding occurs when the other DNA fragments disappear. The cAMP concentration is 200µM. (B) The apparent molecular weight
of thedsrApromoter fragment shifts with bound CRP. The CRP/dsrApromoterK0.5 is between 20 and 200 nM CRP monomer, as determined
by visual inspection. Another DNA fragment replaces thelac promoter. The cAMP concentration is 2 mM for panels B-D. (C) R180K
nonselectively binds DNA.dsrA promoter binding is detectable at 1000-2000 nM. (D) ADH nonselective DNA binding is detectable at
5 µM ADH monomer.

8742 Biochemistry, Vol. 44, No. 24, 2005 Scott and Jarjous



binding domains in a sequential pattern. There are two
chances for this kinetic mechanism to occur: (1) the affinities
of the primary binding domains, on the order of 10 000 M-1,

are much greater than those of the secondary binding
domains, on the order of 1000 M-1, such that mass action
dictates they are bound first, or (2) the primary binding

FIGURE 7: Molecular modeling insinuates selective DNA binding is dependent on Arg 180 positioning Glu 181. (A) Arg 169, Arg 180, and
Glu 181 (gray) 1run crystal structure interactions in the presence of DNA (black strands).R-Helix E (black) andR-helix F (gray) are
highlighted. The color scheme is used in Figures 7 and 8. (B) Arg 169, Asp 180, and His 181 1o3q crystal structure interactions in the
presence of DNA and cAMP. (C) Arg 169, Arg 180, and Glu181 1run-derived CRP molecular model interactions in the presence of DNA.
(D) Arg 169, Arg 180, and Glu 181 1o3q-derived CRP molecular model interactions in the presence of DNA and cAMP. (E) Arg 169, Lys
180, and Glu181 1run-derived R180K molecular model interactions in the presence of DNA. (F) Arg 169, Lys 180, and Glu 181 1o3q-
derived R180K molecular model interactions in the presence of DNA and cAMP.
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domains must be filled first for the secondary binding
domains to be formed and therefore filled. The first pos-
sibility is extremely difficult to refute because all data are
supportive of the primary binding domains having a much
higher affinity for ligand than the secondary domains in vitro.
The situation in vivo is much the same, with an initial
activation at low concentrations of cAMP followed by an
inhibition at cAMP concentrations more than 10-fold higher.
Further, the in vivo CRP concentration is estimated to be
2.5 µM (27). suggesting that a significant amount of the
protein will be complexed with DNA in the absence of
cAMP. The in vivo CRP-DNA complex has two conse-
quences: (1) physiological concentrations of cAMP (<1 µM)
are able to control CRP promoter binding and there-
fore activation (12), and (2) the secondary sites would al-
ready be formed and capable of binding cAMP as repre-
sented by the six crystal structures used for the molecular
modeling experiments. These consequences would support
a kinetic mechanism in which the higher affinity of the
primary sites leads to binding of cAMP to them prior to
secondary sites.

The CRP conformation in the absence of DNA or cAMP
is unknown. The primary evidence that the secondary binding
domains are unformed in the absence of DNA or cAMP is
the crystal structure of another member of the CRP-FNR

transcription factor family, CooA fromRhodospirillum
rubrum. CooA contains a heme fixed in what would be
CRP’s primary binding domain and responds in vivo to CO
concentration changes. The CooA crystal structure has one
of the DNA binding domains in a near-parallel plane with
the primary binding domain (40) as opposed to the perpen-
dicular plane seen in all CRP crystal structures. The second
DNA binding domain is positioned between the parallel
binding domain and the most parallel CRP DNA binding
domain represented by the “open” conformation of the
1g6n-CRP crystal structure (6, 23).

Independent sources of evidence suggest that CRP is
capable of forming a structural conformation similar to CooA
with the DNA binding domains parallel to the primary
binding domains. This parallel conformation implies that the
secondary binding domains are unformed in the absence of
ligand or DNA and would need to be formed. The first
evidence of a large structural conformational change is in
microcalorimetry experiments (11), where cAMP binding to
the secondary site includes an entropic penalty. This implies
that the DNA binding domain is flexible in solution and
becomes more ordered upon binding of cAMP.

This entropic penalty might prove so great that the CRP
dimer is incapable of binding a fourth cAMP molecule in
the absence of DNA as supported by the 1i5z crystal struc-

FIGURE 8: Molecular modeling suggests Arg 169 contributes to nonselective DNA binding. (A) Arg 169, Asp 180, and His 181 1run-
derived ADH molecular model interactions with bound DNA. (B) Arg 169, Asp 180, and His 181 1g6n-derived ADH molecular model
interactions in the absence of DNA. (C) Arg 169, Arg 180, and Glu181 1g6n-derived CRP molecular model interactions in the absence of
DNA. (D) Arg 169, Arg 180, and Glu 181 1g6n crystal structure interactions in the absence of DNA.
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ture. This is in contrast to the tritium binding data which
suggest a strong positive cooperativity between the two
secondary sites but more consistent with the assertion that
the secondary sites experience negative cooperativity (12).
This could suggest a 2× 1-site model is more appropriate
in the absence of DNA and that the cooperativity shown in
the CRP and R180K tritium data is an anomaly of forcing a
fourth molecule to bind. The data were not of sufficiently
high quality to distinguish between the 2× 1- and 2× 2-site
binding models on the basis of the goodness of fit, although
the fits consistently underestimated the number of bound
ligands at high concentrations. The monomeric proteolytic
cleavage model does not resolve this issue.

Another source of evidence comes from studies with the
physiologically inactive ligand cGMP. The molecular models
suggest that the purine ring is the cause of cGMP not being
able to bind to the secondary binding domain. If this was
the case, then chymotrypsin should completely cleave the
hinge region separating the primary binding domain from
the DNA binding domain. Instead, chymotrypsin is unable
to cleave the hinge region which is much like what occurs
in the absence of any ligand, implying cGMP is incapable
of forming the perpendicular DNA binding domain structural
state necessary to expose the hinge region to solvent and
chymotrypsin cleavage. The inability of cGMP to form the
perpendicular structural state would also explain why cGMP
is incapable of binding more than two molecules per CRP
dimer, promote selective DNA binding, or activate transcrip-
tion.

Many of the CRP mutants [D53H, S62F, G141D, R142C,
and L148R (41), T127C, T127S, and T127I (42), G141S,
G141R, G141K, G141D, A144S, A144Q, A144Y, A144L,
A144F, A144V, and A144C (43), G141Q (43-45), and
A144T (46-48)] capable of exhibiting activity with cGMP
show either a sensitivity to proteolytic cleavage orlac
promoter activity in the absence of cAMP (23), suggesting
that the cAMP allosteric motions necessary for transcription
or proteolytic cleavage have already partially or fully formed
without regard to bound ligand. The three mutants [T127L
(49), S128T (42), and D138N (50)] in which cGMP is able
to activate transcription and which are not sensitive to
protease cleavage or activity in the absence of cAMP might
remove the selectivity for cAMP and just need the presence
of the ribofuranose to position theâ4-â5 loop for activity
while R-helix C is either already correctly positioned or able
to be positioned by cGMP. T127L further shows the inability
to be activated by bound cAMP, suggesting that it is
incapable of correctly orientingR-helix C. Testing the cGMP
active mutant’s secondary binding site’s ability to bind cGMP
would determine whether they conform to a 2× 2-binding
site model and whether cGMP is capable of binding to the
CRP secondary binding sites.

The CRP with cGMP results correspond with the cAMP-
bound ADH results in binding two molecules per dimer, not
selectively binding DNA, and being unable to promote
transcription. They differ on the important point of chymo-
trypsin cleavage. ADH mimics the initial stages of CRP
cAMP-dependent protein cleavage by promoting cleavage
of the hinge region, implying that ADH is capable of
structural motions leading toward Phe 136 exposure. This
structural conformation would allow ADH to selectively bind
DNA and promote transcription if not for the mutations in

the DNA binding domain as ADH nonselectively binds DNA
with significantly lower affinity than CRP without any ligand
(30) or presumably with cGMP. This motion is cAMP-
dependent and different from the cGMP structural states as
cGMP does not promote ADH hinge cleavage. Molecular
modeling comparisons with cAMP-bound CRP suggest
cGMP is more comfortable in the CRP primary binding site
than cAMP is in the ADH primary binding sites. This
suggests not only the interdependence of all residues in CRP
but also that the structural state of bound cGMP must be
fundamentally different compared to that of cAMP or the
hinge region would be cleaved. The most likely structural
state is one that mimics the CooA crystal structure with
R-helix C, the hinge region, andR-helix D forming one long
R-helix held together by interactions with the dimer’s second
R-helix. cAMP in CRP and ADH is able to promoteR-helix
breakage, whereas cGMP is not.

The transition from the parallel to the perpendicular
structural state is likely caused by interactions of cAMP with
S128 onR-helix C of the second monomer. This interaction
likely breaks helix-helix interactions by rotatingR-helix C
compared to the eight-strandedâ-barrel of the primary
binding domain. The secondR-helix C would respond in
kind, explaining the positive cooperativity seen between the
two primary binding domains as a second cAMP ligand
would stabilize the state. The result would be the DNA
domain swinging into the perpendicular position by the
unfolding of largeR-helix C-D into the resultingR-helix
C, hinge region, andR-helix D. This realignment of the DNA
binding domain would expose Phe 136 to chymotrypsin
cleavage, allow CRP to bind DNA and promote transcription,
and form the secondary binding domains.

The syn cAMP secondary binding site was previously
defined as residues 56-59, 170, 174, and 177-180 (9). The
slight decrease in the level of nonselective DNA binding in
the presence of high cAMP concentrations suggests that Arg
169 should be included in this list because of its predicted
interaction with cAMP’s ribofuranose. The R180K mutant’s
inability to selectively bind DNA suggests that the orientation
of Glu 181 is dependent on the orientation of Arg 180 which
is further dependent on the presence of cAMP in the sec-
ondary binding site. Therefore, Glu 181 should be considered
part of the extended binding domain defined as those amino
acids which do not directly interact with bound ligand but
are directly affected by the presence of ligands. The proposed
interaction between Arg 180 and Glu 181 is consistent with
the crystallography observations that both residues are in the
major groove (10) and that amino acid 181 provides an
essential interaction when determining DNA specificity (24).
The partial positive charge of the Phe 136 ring interacts with
the partial negative charge of the cAMP purine ring and
therefore should be considered part of the secondary binding
site binding domain proper, defined as the amino acids that
interact directly with a bound ligand. The Asp 53 position
is directly related to the position of Leu 57 and Phe 136 and
should be considered part of the extended secondary binding
site domain. The positioning of Asp 53 and Leu 57 on the
â4-â5 loop and Phe 136 in the hinge region near the end
of R-helix C by binding of cAMP to the primary binding
sites forms the cAMP secondary binding site.

The secondary binding site being composed of residues
from both monomers is likely the “sensor” for showing that
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both primary binding sites are bound and allowing the
secondary binding sites to now be occupied. This is
consistent with the crystallographic data with both primary
binding sites being occupied before either secondary binding
site is occupied (9, 30) and the similar binding constants
and binding curves of ADH and the occupation of the
primary sites of CRP and R180K. What is unclear is whether
both secondary binding sites will bind ligand in the absence
of DNA and whether there is cooperativity between the
binding sites or whether all the measurements are just
assessing the binding of ligand to the first of the secondary
binding sites. The agreement of the proteolytic assay
association constants with the CRP tritium binding associa-
tion constant suggests that a single ligand in either secondary
binding site may be enough to protect Phe 136 from
chymotrypsin cleavage. The large errors at high concentra-
tions of the tritiated ligand mean the experiments presented
here are not useful in clarifying the issue.

It is clear that four ligands per CRP dimer is likely a
common state given that the DNA “fragments” present in
vivo would be larger than the 30 bp fragments present in
crystal structures which lack cAMP in the secondary sites.
Therefore, CRP would be capable of binding four ligands
per dimer and not limited to binding two ligands. What is
not clear is whether a third ligand per dimer is necessary
for selective DNA binding, although it is clear that a fourth
ligand would decrease the level of selective DNA binding
in the lac promoter given the inhibitory effect of cAMP at
high ligand concentrations. The chymotrypsin data suggest
that a third ligand inhibits access to the hinge region, but
similar results occur with DNA present. The proteolytic data
could be measuring the extent of binding of the ligand to
the fourth site, as could the tritium data given the poor quality
of data at high [3H]cAMP concentrations. Only the difficulty
in obtaining crystallographic data with three bound ligands,
the exceedingly high concentrations necessary for proteolytic
cleavage protection (the half-inhibition concentration between
2 and 5 mM), and the low physiological cAMP concentration

suggests that the third binding site is only commonly
occupied in the presence of DNA. The necessity of DNA
for cAMP secondary site occupation is indicative of a purely
inhibitory role in selective DNA binding.

Finally, DNA binding experiments were originally con-
ducted withlac as the positive control anddsrAas a negative
control. These experiments showed that the CRP selectively
bound thedsrA promoter at protein concentrations 10-fold
lower than that needed to bind thelac promoter. Further,
thedsrAbinding seemed to be robust even at high concen-
trations (20 mM) of ligand, although these were not the
proper experiments for truly testing the ligand concentration
dependence of binding of CRP to thedsrA promoter. The
result implies that CRP is capable of binding to thedsrA
promoter and may be the hypothesized unknown transcription
factor. The DNA region from position-75 through-53
(ATTCATAAGTA ‚GCGTTAATCAT) of thedsrApromoter
is a likely candidate for the CRP binding region when com-
pared to a consensus CRP binding sequence (AAATGTG-
ATCT‚AGATCACATTT) and a lac DNA binding site
(TAATGTGAGTT‚AGCTCACTCAT) (51). This corre-
sponds with the loss of a weak activation element in expres-
sion by thedsrA promoter when the DNA region between
base pairs-165 and-64 is removed from the promoter (19).
Further experiments need to be performed to definitively
determine if CRP is truly the control protein which binds to
the dsrA promoter and if this is the CRP binding site.

A speculative allosteric model emerges for the different
CRP protein states composed of 15 protein states (Figure
9A). Each protein state is different from the others in the
number of ligands bound (top row), whether DNA is
nonselectively bound (middle row) or DNA is selectively
bound (bottom row). Five of the protein states have been
crystallized (dotted box) and represent energetic minima. A
“?” marks two protein states as no crystallographic or
functional data support the ability of CRP to effectively
selectively bind DNA and promote transcription in the
presence of four cAMP molecules.

FIGURE 9: R180K can occupy 10, ADH six, and cGMP three of the 15 speculative CRP allosteric protein states. (A) CRP protein (gray
oval representing the cyclic nucleotide binding domain, a gray and square box representingR-helices C and D, and the DNA binding
domain represented by a white oval) state diagram with zero to four bound cAMP ligands (black ovals), zero to one bound DNA fragment
(dotted parallel lines), and zero to one bound RNA polymerase (oval with diagonal lines, the presence of which denotes selective DNA
binding). Dark lines mark paths between energetically favorable states, and the arrowhead points to the favored state. Energetically costly
paths are shown as gray lines. The asterisk state is a hypothetical state in the absence of ligand. Two states which may be possible are
marked with ?. The dotted boxes are the five crystallized CRP states. (B) cGMP (white ovals) in CRP, ADH, and R180K would be able
to reach the same three hypothetical allosteric states but is unable to break the C-D R-helix at the hinge region when bound. (C) R180K
can achieve the 10 protein states. (D) ADH is confined to six protein states.
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The asterisked protein state could have a structure more
similar to CooA structure with the DNA domain parallel to
the primary ligand binding domain and not perpendicular
(40). The black lines represent lower-energy paths that are
more likely to occur unless large amounts of ligand and DNA
are provided in relation to the concentration of CRP. The
arrowhead shows where the equilibrium state is most likely
to lie. This allosteric model is an attempt to organize the
major CRP protein states and is not an attempt to determine
the association constants or the mechanistic steps leading to
each state. The pathways and arrows are the suggested paths,
and relative strengths and directions and are not intended to
represent equilibrium constants or real minima. The CRP
structures which have been crystallized are assumed to be
energy minima under the conditions of crystal growth.

CRP is able to occupy all 15 states, preferring the DNA-
free states until a ligand is bound, and then a DNA-bound
state is preferred in vitro. The cooperativity of binding sites
1 and 2 suggests that once a single ligand is bound a second
ligand binds quickly to stabilize the CRP structure as seen
in the middle column of Figure 9A. The second bound ligand
also stabilizes the protein state necessary for selective DNA
binding. The transition to three bound ligands is energetically
expensive due to the low affinity of the secondary binding
sites for cAMP, although the affinity could increase in the
presence of DNA. CRP prefers a protein state that contains
nonselective DNA once a third ligand is bound, preferring
that the second secondary binding site is filled. CRP prefers
to bind no more than two ligands when DNA is absent. CRP
in vivo would prefer to occupy the second row of allosteric
states due to the high relative DNA and protein concentra-
tions. An increasing cAMP concentration would stabilize
movement to the third row, denoting selective DNA binding
and the ability to promote transcription. The energetic penalty
for binding the third cAMP molecule could be reduced as
the large entropic penalty would not apply because the DNA
binding domain is already ordered.

R180K is limited to the first two rows that do not include
selective DNA binding and therefore is unable to promote
RNA transcription. R180K can freely nonselectively bind
DNA and bind any number of ligands with nearly the same
affinity as CRP (Figure 9C). The inability to selectively bind
DNA keeps it from replacing CRP as an effective transcrip-
tion factor but does not limit it from binding DNA and
possibly interrupting other bacterial functions. ADH is
limited to six protein states and, in reality, only the three
protein states in the first row, as the nonselective DNA
binding is inhibited by the mutations it carries (Figure 9D).
ADH is incapable of effectively binding DNA and can
therefore cause no interference with other cellular functions
except those dependent on cyclic nucleotide changes as the
molecule is an effective sink of both cAMP and cGMP,
having affinities near those of R180K and CRP.

cGMP with CRP would be limited to the first row of the
CRP allosteric model (Figure 9B). cGMP is not able to form
the allosteric state necessary for nonselective or selective
DNA binding. cGMP is also incapable of forming the
secondary binding site when the primary site is occupied.
This is more limiting than ADH as ADH is capable of
forming the secondary binding sites and allosteric state
necessary for DNA binding but the mutated amino acids
preclude both. The inability of cGMP to form the secondary

binding site and the DNA binding allosteric state is indicative
of cAMP interactions with theâ4-â5 loop andR-helix C
being crucial for promoting transcription.

Several physiological roles for the secondary binding sites
can be posited. (1) Inhibiting selective DNA binding and in
turn the amount of transcript made at high cAMP concentra-
tions is one role. (2) Stabilizing a CRP-DNA complex is
another role, reducing from three to two the dimensional
space that has to be searched by CRP. The loss of DNA
selectivity allows CRP to walk along theE. coli genome
until a selective DNA sequence can effectively compete with
the bound cAMP ligand. (3) Keeping CRP primed and ready
to occupy a site vacated by CRP and RNA polymerase to
start a new RNA transcript is the third role. (4) Cyclic AMP
bound to the secondary binding sites might favor certain
promoter regions over thelac promoter as thelac promoter
selectivity is altered but the nonselective component is
retained until much higher cAMP concentrations are reached.
These secondary cAMP binding site roles depend on the
effectiveness of DNA competition with the secondary site
bound cAMP for the DNA binding domain. The secondary
binding sites likely help localize CRP to DNA, then allow
CRP to move along DNA until a promoter region is found,
and occupy the promoter region by effective competition of
a DNA sequence for the CRP DNA binding domain once
the site is vacated by RNA polymerase and a different CRP
molecule. Low cAMP concentrations would promote free
CRP concentrations that exist in lower energetic states unable
to selectively or nonselectively bind DNA and therefore
promote RNA transcription.
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