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ABSTRACT: The structure of the cyclic AMP receptor—promoter complex in solution was studied in the range
of 0.2—50 uM cAMP by measurements of the electric birefringence at 0.1 M salt using a lac promoter DNA
with 121 bp and with the CAP binding site at its center. An excess of protein required for complete conversion
of the promoter DNA into the specific complex seems to be partly due to nonspecific binding. The specific
complex is associated with a decay time constant of 1.36 us at 3 °C, a positive birefringence, and a permanent
dipole moment demonstrated by pulse reversal. These attributes were observed at cAMP concentrations
between 3 and 50 uM and are characteristic of the specific complex. Model calculations demonstrate that the
DNA bending angle under these conditions is 92°. The observed positive birefringence does not result from
the combination of the calculated quasi-permanent dipole and the orientation of the helix axes alone but is due
to coupling of translational and rotational diffusion. When the cAMP concentration is decreased below 3 uM,
the positive birefringence turns to a negative one with a transition center at 1.5 uM. The transition is too
narrow for a model with induction of the specific cyclic AMP receptor—promoter complex after binding of a
single cAMP to the cyclic AMP receptor dimer but is consistent with induction of this complex after binding of
two cAMP molecules. The cyclic AMP receptor—promoter complex is driven into its specific bent form in
vitro in the range of cAMP concentrations corresponding to that required for gene regulation in vivo.
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The cyclic AMP receptor (CAP) and its complex with pro-
moter DNA constitute the paradigm for regulation of gene activity
by protein-induced DNA bending (/) (cf. textbooks of biochem-
istry and molecular biology). An extensive literature exists with
data on different properties of this protein, including binding
parameters for cyclic AMP (2, 3), specific and nonspecific
DNA (4—10). The structure of the cAMP receptor protein was
determined in its complex with cyclic AMP (/1), in the complex
with both cAMP and promoter DNA (/2—14), and finally, the
structure of the protein without ligands (15, 16) was also deter-
mined. Contributions to allosteric control were analyzed by
different approaches (/7, 18). Particular attention was devoted
to protein-induced bending of promoter DNA. Investigations
using X-ray crystallography (12, 14), FRET (19—21), and cycliza-
tion (22) measurements provided bending angles in the range of
70—100°. These bending angles have been determined at relatively
high concentrations of cAMP of 100 or 200 uM, which is far
above the physiological range of cCAMP concentrations demon-
strated to be ~1 uM (23, 24). Initially, two cAMP binding sites
were identified per protein dimer by X-ray crystallography (/1).
When the resolution was increased, another two binding sites
for cAMP were detected (/3). Titration experiments showed two
concentration ranges of cAMP binding to the protein in the
absence of DNA: a first one at ~20 uM cAMP (2, 3) and another
at millimolar cAMP concentrations (3, 25). Both of these con-
centration ranges are clearly above the cAMP levels used in gene
regulation, “an enigma of the CAP system” discussed Lin and
Lee (10). They presented evidence that the enigma can be
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resolved by “thermodynamic linkage” of cAMP and DNA
binding (10). Another, similar set of binding parameters was
given by Takahashi et al. (4). However, information about the
structure of the protein—DNA complex and the DNA bending
angle over a sufficiently wide range of cAMP concentrations,
including physiological values, is not available.

Among the approaches used for the characterization of
structures in solution, electro-optical methods (26, 27) are known
to be very sensitive, but in most cases their application was
limited to low salt concentrations. A cable discharge techni-
que (27, 28) was used at high salt concentrations, but measure-
ments were restricted to very short pulses of relatively high
electric field strengths. These limitations are now eliminated by
a new technique with a particularly high sensitivity. The techni-
que can be applied at physiological levels of salt concentrations
and at relatively low electric field strengths.

The prospects of this electro-optical project can be improved
by a promoter DNA optimized for the given task: the DNA should
be long enough for sufficiently large effects but not too long, to
avoid complications resulting from flexibility. A 121 bp DNA frag-
ment with the lac promoter site at the center and stable blunt
ends was cloned for this investigation. The experimental data
were compared with calculations on model constructs using the
procedures of quantitative molecular electro-optics described pre-
viously (27). The results extend the information on the structure
of the CAP—promoter complex over a wide range of cAMP
concentrations. Direct observation of the transition of the promo-
ter DNA from the standard state to the specific complex with CAP
provides new details about the allosteric control of gene activation.

MATERIALS AND METHODS

DNA single strands with the plus and minus strand sequences
of the primary CAP binding site (135 residues) were synthesized.
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After the single strands had been annealed, the resulting double
helix was cloned into the pUCI19 vector. The plasmid DNA was
grown and isolated by standard procedures. The designed DNA
fragment was excised from the plasmid DNA by restriction endo-
nuclease Smal and after phenol extraction isolated by Sepharose
column chromatography. The DNA fragment was purified fur-
ther by preparative gel electrophoresis. The fragment proved to
be homogeneous in polyacrylamide gels. The sequence of the
fragment with 121 bp was determined by standard procedures
(GGGCACGACA GGTTTCCCGA CTGGAAAGCG GGC-
AGTGAGC GCAACGCAAT TAATGTGAGT TAGCTC-
ACTC ATTAGGCACC CCAGGCTTTA CACTTTATGC
TTCCGGCTCC GTATGTTGCC C). The center of the CAP
binding site is between base pairs 61 and 62. The sequence of this
binding site is identical with that of the standard lac binding
site (29). Throughout this work, the DNA fragment is denoted
lac121. The single strands for the consensus DNA fragment with
40 bp were synthesized by adoption of the sequence described by
Ebright et al. (7), but the single “dangling” G-residues at each
end were omitted. The single strands were annealed in buffer B.
The blunt-ended fragment with 80 bp was prepared as des-
cribed in ref 30. DNA concentrations were determined using
an extinction coefficient per nucleotide of 6500 M ™' cm ™" at
260 nm. The cAMP receptor protein was prepared according to
the procedure of Ghosaini et al. (3/) and personal communica-
tions kindly provided by A. Kolb. CAP concentrations are
always given in units of protein dimer and were determined
using an extinction coefficient of 40800 M~' cm™' at 278 nm,
used by most authors in the literature (2, /0). Solutions were
prepared for measurements in buffer B [90 mM NaCl, 20 mM
Tris (pH 8.0), 2mM DTT, and 0.1 mM EDTA]. Buffer, DNA,
and cAMP were mixed together, before the CAP protein was
added as the last component. The solutions with the final
composition used for the measurements were then incubated
at 37 °C for 20 min.

The birefringence data were measured by an instrument with
the standard classical setup [cf. Fredericq and Houssier (26)]
using components of particularly high quality. A solid state
Nd:vanadate laser (Verdi, Coherent) was used as a light source.
The light intensity (532 nm) used in the present measurements
was 0.5 W cw. A novel construction of the cell body and of
the cell windows was essential for allowing cell windows to
reach a state of minimal strain (publication in preparation).
The DC electric field pulses were generated by Cober model
606 pulse generators. The polarity was inverted automatically
after each pulse application. The transients shown here repre-
sent averages of transients from 20 pulse applications. AC
electric field pulses were generated by an arbitrary function
generator (AFG 3101) from Tektronix together with a linear
pulse power amplifier (LPPA 6020) from dressler HF-Technik
GmbH (Stolberg, Germany). The optical path length of the cell
was 20 mm; the electrode distance between the Pt electrodes
was 2.68 mm. Time constants were evaluated by fitting of the
transients as measured (light intensity as a function of time) via
application of a deconvolution algorithm (32). The equations
described by Fredericq and Houssier (26) were used for
conversion of light intensities into optical retardation or
birefringence.

The nucleic acid structures were generated by Namot version
2.1 (33). The electro-optical data were simulated from given
model structures using the procedures of quantitative molecular
electro-optics (27).
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FIiGuRE 1: Optical retardation ¢ induced by an electric field pulse as a
function of time ¢ for the lac121—CAP complex in buffer Bat 3 °C. The
upper transient reflects the birefringence of the protein—nucleic acid
complex together with that of the buffer, whereas the lower transient
represents the birefringence of the protein—nucleic acid complex alone
obtained by subtraction of the buffer signal measured separately. The
lower transient is shifted by —0.5 units on the d x 10*scale. The electric
field of 1.65 kV/em was applied at 4.04 us; the field vector was reverted
at 14.58 us and finally was turned off at 25.5 us. Concentrations:
0.156 uM DNA helix, 0.515 uM CAP, and 20 uM cAMP.

RESULTS

Birefringence Measurements. Because of the high sensitiv-
ity of the instrument, birefringence transients for the complex of
CAP with the lacl21 fragment (Figure 1) can be recorded at
a satisfactory accuracy, even at a salt concentration of 100 mM
used in this investigation. Part of the signal is given by the
birefringence of water, which is clearly separated on the time scale
from that of the protein DNA complex. The signal of the complex
alone may be obtained by subtraction of the buffer signal
measured under identical conditions (cf. Figure 1). All the tran-
sients for the CAP—lacl21 complex measured at 100 mM salt
show a positive birefringence, in contrast with the negative bire-
fringence observed for the lac121—DNA alone under identical
conditions. As shown by the signal induced upon pulse reversal,
the protein—DNA complex reacts like molecules with a perma-
nent dipole moment, again in contrast with the response of the
DNA alone under identical conditions. The birefringence of the
protein—DNA complex induced by high-frequency electric fields
(1 MHz) is negligible, showing that any orientation due to an
electric polarizability of the complex is small compared to that
resulting from the permanent dipole.

The optical retardation obtained from the field-induced
change of the light intensity increases with the square of the
electric field strength (cf. Figure 2), and thus, the birefringence
data are in the Kerr regime.

A parallel analysis of the protein—DNA complex by gel
electrophoresis demonstrated the characteristic retardation of
the electrophoretic mobility. Complete conversion of the band
representing free DNA to the band representing the complex
required an approximately 3-fold excess of the protein over the
lacI21—=DNA fragment. The question of the stoichiometry was
discussed by Garner et al. (34): they concluded that “only one of
every four molecules in our preparation of CAP is active in
specific binding”. Similar comments on a reduced activity of
the CAP protein in the range of 30—40% were included in
several papers by other authors (8, 35—37). The protein used in
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FIGURE 2: Optical retardation 6 of a solution containing the
lac121—CAP complex as a function of the square of the electric field
strength (E2) at 3 °C. Concentrations are the same as those listed in
the legend of Figure 1.
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FiGURE 3: Kerr constant K (x, left scale) and birefringence decay
time 7 (O, right scale) for the lac121—CAP complex at different CAP/
lac121 ratios at 3 °C in buffer B. Concentrations: 20 uM cAMP and
0.154 uM lac121.

the present experiments showed a single band in electrophoresis.
Furthermore, the protein preparation was controlled by mass
spectrometry and showed a single peak at the expected mass. For
comparison, formation of the CAP—DNA complex was studied
by gel electrophoresis using a synthetic DNA fragment with the
consensus sequence (7) having 40 bp. In this case, the protein
excess required for complete complex formation was reduced to
a factor of ~1.4. This result suggests that the excess is required
mainly because of nonspecific binding. More evidence for this
conclusion is provided by birefringence experiments. Birefrin-
gence data obtained at different values of protein/DNA ratio r
(cf. Figure 3) show an increase of the Kerr constant with an
increase in r, whereas the decay time constant T remains almost
constant. Parallel birefringence experiments using a blunt-ended
84 bp DNA fragment without a specific CAP binding site (at the
same concentration of protein and DNA phosphates in buffer B)
showed an increase in the birefringence rise time of ~40%,
whereas the decay time constant remained constant. This result
indicates nonspecific binding because of a particularly high
sensitivity of rise curves to binding of proteins. The high sensi-
tivity results from the fact that (1) nonspecific binding at low
degrees of saturation is nonsymmetric for the majority of bind-
ing states of a statistical distribution and (2) nonsymmetric
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FIGURE 4: Birefringence decay time constant 7 at different cAMP
concentrations (at 3 °C in buffer B). The average of these 7 values is
1.36 us. Concentrations: 0.154 uM lac121 and 0.483 uM CAP.

binding is equivalent to a nonsymmetric charge distribution
leading to a quasi-permanent dipole indicated by a particularly
slow rise of the birefringence. This effect has been observed
under various conditions (publication in preparation) and leads
to a particularly high sensitivity of rise curves to protein bind-
ing, which is higher than that of decay curves. In this context, rise
curves are used as a simple tool for qualitative detection of pro-
tein binding. Experimental data together with a more detailed
discussion will be presented elsewhere.

Some problems associated with the excess of CAP for complete
formation of the specific complex remain to be analyzed (cf.
Discussion). The results described above indicate that complete
formation of the specific complex under the given experimental
conditions is associated with some nonspecific binding. However,
the amount of nonspecific binding of CAP to the lac121 fragment
under these conditions does not have any strong effect on the
birefringence decay times. This is indicated by the fact that the
birefringence decay time of the 84 bp fragment was not affected at
the given protein per phosphate concentration. All experimental
data described below were obtained for solutions having a 3-fold
excess of CAP over the lacl21 fragment. Birefringence decay
times measured in the range of cAMP concentrations from 3 to
50 uM are constant within the limits of experimental accuracy
(Figure 4). The average decay time constant derived from these
measurements is 1.36 & 0.06 us.

Model Calculations. Models of the CAP—lacl21 complex
were constructed in two steps. First, the DNA was built using
Namot (33) with a rise per base pair of 3.4 A. Curvature was
designed by setting selected values of tilt angles in the central
block of 24 bp corresponding to the CAP binding domain. After
completion of DNA construction and proper orientation of this
construct, the protein extracted from Protein Data Bank (PDB)
entry 1J59 (/4) was simply added. An example of a resulting
complex is shown in Figure 5. The final model does not represent
the exact atomic details of DNA curvature observed in CAP—
DNA crystals and also does not include the exact molecular
contacts between the protein and the double helix, but this does
not have any significant effect on the results of the simulation.
The coordinates of complexes were read into the routines for
automatic calculation of electro-optical parameters described
previously (27). Simulation of electro-optical data requires the
following steps: (1) conversion of the molecular structure to a
bead model, which is used for calculation of the diffusion tensor,
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FIGURE 5: Model of the lac121—CAP complex with a DNA bending angle of 92°.

Table 1: Electro-Optical Parameters of the lac121—=DNA and lac121—CAP Complexes at Different Bending Angles # Obtained by Model Simulations®

DNA alone DNA with CAP
T T2

o2 E. u (D) decay 7 at 20 °C 20 °C 3°C E. u (D) decay 7, at 20 °C 20 °C 3°C
0 —1.486 82 mono 1185 2031 0.715 1228 mono 1378 2363
45 0.430 736 bi_max 117 1049 1798 0.429 1255 bi_max 181 1140 1954
71.5 0.065 1274 bi_max 194 873 1496 0.044 1431 bi_max 246 949 1627
85.2 —0.150 1528 bi_min 233 774 1327 —0.163 1524 bi_min 284 846 1451
94 —0.297 1674 bi_min 258 707 1212 —0.300 1584 bi_min 311 781 1338
98 —0.370 1737 bi_min 269 674 1155 —0.372 1604 bi_min 322 746 1278
107 —0.514 1838 bi_mm 289 608 1042 —0.490 1821 bi_mm 338 674 1155
125 —0.778 1930 bi 313 482 827 —0.760 1584 bi 362 529 907
142 —0.993 1859 bi 305 386 662 —0.965 1426 bi 347 442 758
177 —1.207 1148 mono 316 541 —1.022 720 mono 385 660

“E.. is the limit value of the reduced electric dichroism. u is the quasi-permanent dipole moment. Decay describes the shape of the decay curves: mono,
monoexponential; bi_max, biexponential with a maximum; bi_min, biexponential with a minimum; bi_mm, biexponential with a hardly visible minimum; bi,
biexponential without inversion. Time constants (7) are given in nanoseconds at 20 and 3 °C, as indicated. The values are given in full numerical detail, which
may be useful for seeing trends in some cases. The accuracy is estimated to be £1%.

(2) construction of an overall extinction tensor from the optical
parameters for the residues contributing to absorbance, and (3)
calculation of the dipole vector from the coordinates of charged
residues. DNA phosphate charges were assumed to be 12% of
the elementary charge. According to the polyelectrolyte theory
of Manning (38), the phosphate charge remaining after ion
condensation in the presence of monovalent ions is 24% of the
elementary charge, but a major part of this charge is shielded by
the ion atmosphere. The charge value appropriate for electro-
optical calculations under the present experimental conditions
remains to be established. It should be noted that the value used
for the phosphate charge affects the magnitude of calculated
dipole moments but does not affect the decay time constants.
Thus, the evaluation of bending angles is also not affected.
The charges of amino acid residues were calculated correspond-
ing to standard pK values (see ref 27). The diffusion tensor, the
extinction tensor, and the dipole vector are used for calculation
of electro-optical transients with the equations of Wegener
et al. (39). The electro-optical data are calculated in the form
of the electric dichroism. Because electro-optical effects of
nucleic acids mainly result from the optical anisotropy of the
base pairs, the electric dichroism and the electric birefringence
are closely related and the sign of these parameters is equivalent.
Thus, positive values of the electric dichroism correspond to
positive values of the electric birefringence.

Electro-optical parameters were calculated for models with
different bending angles (cf. Table 1). A graphical representation
of the decay time constants 7, as a function of bending angle ¢ (cf.
Figure 6) demonstrates the strong dependence of 7, on ¢. A linear
fit of the central part of this dependence and a comparison with
the experimental 7, demonstrate a bending angle ¢ of 92° for the
complex of CAP with the lac promoter DNA at 100 mM salt.

The stationary dichroism predicted by the calculations for
complexes with bending angles (¢) around 92° is negative, where-
as the observed stationary electric birefringence is positive. Simu-
lations by Brownian dynamics demonstrate that translational—
rotational coupling (40—42) induces a shift of the stationary
dichroism or birefringence to positive values at low electric field
strengths corresponding to those used in the experiments. These
effects resulting from translational—rotational coupling have
been described in detail for smoothly bent DNA (43, 44) and
are expected for large, nonsymmetric objects with a high net
charge. In addition to this large effect on the stationary values,
another relatively small effect should be mentioned. Because
Namot does not provide a convenient way to introduce propeller
twist, the DNA models were constructed with most of the base
pairs perpendicular to the helix axis. Consideration of the
propeller twist would reduce the absolute &., values given in
Table 1 by approximately 20%. The other parameters would not
be affected within the limits of accuracy estimated to be £1%.
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FIGURE 6: Decay time constant 7, calculated as a function of the
bending angle for the lac121—DNA without protein (x) and for the
lac121—CAP complex (O) at 3 °C. The straight line obtained by linear
regression of the data between 71.5 and 107° (¥) was used for the
evaluation of the bending angle.
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FiGUre 7: Kerr constant K as a function of the cAMP concentration
(3 °C, buffer B, 0.154 uM lacl121, 0.487 uM CAP). The solid line
represents a fit by the model with two cAMP molecules per CAP
dimer required for specific binding (for the parameters, see the text).
The dashed line represent a least-squares fit by the model with one
cAMP molecule per CAP dimer required for specific binding. The bar
represents the Kerr constant of lac121-DNA in the absence of protein.

Transition of the Structure at Low cAMP Concentra-
tions. The data described above were obtained at cAMP con-
centrations clearly greater than those used in vivo for the
regulation of transcription. The state of the CAP—promoter
system in the critical concentration range can be recorded by
measurements of the Kerr constant. As shown in Figure 7, the
Kerr constant is positive in the range of high cAMP concentra-
tions but decreases to negative values when the cAMP concen-
tration is below 1 uM. These data describe the transition of the
promoter DNA from the bent state in its complex with CAP at
high cAMP concentrations (>3 uM) to the standard straight
state at low cAMP concentrations (<0.1 uM). At low cAMP
concentrations, the affinity of CAP for DNA is reduced such that
binding both to nonspecific DNA and to lac-promoter DNA is
negligible under the conditions of the experiments described
here (4—10).

A first attempt to describe the transition between these two
limit states is based on a scheme with two reaction steps: (1)
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binding of a single cAMP to the protein dimer and (2) binding of
this cAMP—protein complex to the specific DNA site. This
model is not sufficient to describe the experimental data (dashed
line in Figure 7), because the transition predicted by this model is
much broader than that observed.

A second model includes two steps of cAMP binding to the
protein and implies that the protein dimer with two cAMP binds
to the specific DNA site:

K
CAP + cAMP= CAP— cAMP
K
CAP— cAMP + cAMP = CAP— (cAMP),

K:
CAP— (cAMP), + lac121 = CAP— (cAMP),~ lacI21

This model describes the experimental data very well (solid line
in Figure 7). Least-squares fits show that a wide range of different
parameter combinations is consistent with the data in Figure 7.
When a low K value is used, this can be compensated by an
increase in K>. When K; is fixed at 6.4 x 10* M™!, a value
obtained by Lin and Lee (3) in a recent analysis for the first step
of cAMP binding to CAP, the other parameters were fitted to a
K>of 3.1 x 10* M 'and a K5 of 8.2 x 10* M. The K, and K,
values are macroscopic as defined by the equations given above;
the microscopic values Ki" and K3', considering that the first
cAMP has access to two sites and dissociation of cAMP from the
CAP—(cAMP), complex occurs from two sites, are given by the
relations K; = 2KP and K, = ! K5, respectively. The K, value
obtained from fitting of the data in Figure 7 is very close to that
derived independently by Lin and Lee (3) from fluorescence and
calorimetric measurements. Finally, the value of K3 is also in the
range expected from literature data (4, 10).

DISCUSSION

The main goal of this investigation was an analysis of the
formation of the CAP—promoter complex close to physiological
conditions. The electro-optical procedure used for analysis has
been developed in recent years to a state with a significantly
increased sensitivity, such that measurements at physiological
salt are possible at low concentrations of macromolecules at a
remarkably high accuracy.

Nonspecific Complexes and the Stoichiometry Problem.
An example of the high sensitivity is provided by the detection of
nonspecific binding under conditions with very low degrees of
binding. This is due to the fact that binding of a single protein
molecule or a few protein molecules to a DNA fragment is
nonsymmetric with a high probability. The loss of symmetry
induces a change in the orientation mechanism and a large
change in the rise time. Under the same conditions, the decay
curves remain almost unaffected. In this investigation, rise curves
have been used only for the qualitative detection of nonspecific
binding and were not used for an analysis of specific complexes.
The electro-optical results together with the dependence of the
stoichiometry on the DNA chain length provide evidence that the
excess of CAP required for complete formation of the specific
complex is not due to the partial inactivity of CAP samples but to
nonspecific binding.

The equilibrium constants reported in the literature (4—10) for
the binding of CAP to specific and nonspecific DNA indicate that
specific sites should be saturated almost completely before
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nonspecific sites are occupied. According to these equilibrium
parameters, nonspecific binding is hardly expected to be the basis
of the stoichiometry problem. Because of the large excess of
nonspecific sites, these sites will be occupied preferentially in the
first phase of the binding reaction. Measurements of the binding
kinetics demonstrate that the transfer from nonspecific to specific
complexes is relatively slow in the case of CAP (publication in
preparation). However, all samples used in this investigation
were equilibrated for a relatively long period of time (cf.
Materials and Methods). If the incubation times were sufficient
for complete equilibration, another closely related interpretation
has to be considered: the stoichiometry problem may be due to
the existence of pseudobinding sites. Pseudosites with sequences
similar to that of the specific site are expected to appear at a
relatively high probability (45). Few pseudosites with an affinity
intermediate between that of specific and nonspecific sites would
be sufficient to resolve the stoichiometry problem. Further
investigations are required for a final explanation. In addition
to these effects, some contribution to the stoichiometry problem
may result from the tendency of CAP to stick to surfaces. Sticking
of CAP to surfaces was observed to cause serious perturbations
of fluorescence titrations at <0.1 uM CAP.

Specific Complex. The experimental decay time constants
obtained for the specific complex are compared with data
simulated for molecular models based on the algorithms (27) of
“quantitative molecular electro-optics”. The bending angle of 92°
derived from these electro-optical measurements is close to the
value of 85—90° obtained by Kahn and Crothers (22) from
cyclization data at 100 uM cAMP and also to the values of 90°
and 87° observed in crystal structures grown at 2 mM cAMP by
Schultz, Shields, and Steitz (/2) and Parkinson et al. (/4),
respectively. Compared to these results, the bending angle of
77 £ 3° determined by FRET measurements (/9) at 200 uM
cAMP is relatively low. Electro-optical measurements at salt
concentrations below 100 mM indicate that more compact
structures with more extensive DNA bending are formed at
low salt concentrations (publication in preparation).

Regulation of Gene Activity. The allosteric control of CAP
binding and DNA bending under physiological conditions
seemed to be a problem, because the concentration of cCAMP
required for binding to the protein in vitro and the cAMP level
used for gene regulation in vivo are different by a factor of ~100.
As discussed by Lin and Lee (10), the “enigma” can be resolved
by thermodynamic linkage: cAMP—CAP complexes have a
higher affinity for promoter DNA, implying a higher affinity
of cAMP for the CAP—promoter complex than for CAP alone
(cf. also ref 4). However, the overall affinity of the CAP protein
for the promoter DNA may not be a sufficient criterion, because
the biological activity is expected to be dependent on the
formation of the specific bent complex. Another question re-
mained with respect to the stoichiometry of cAMP activation.
Several papers (4, 10, 25) have claimed that binding of a single
cAMP molecule per CAP dimer is sufficient for activation. The
recently determined structure of the apoprotein (15, /6) demon-
strates that large changes in the conformation must be induced by
cAMP to release the DNA binding domain from an embedded
state. Release of both domains in the CAP dimer and, thus,
cAMP binding to both subunits appears to be required for
specific binding to the promoter. The experimental data pre-
sented in Figure 7 provide clear evidence that two cAMP
molecules per protein dimer are required for activation. The
Kerr constant is a quantity representing the transition from the
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bend complex to the free DNA selectively. This is due to the fact
that the bend complex is associated with a permanent dipole and
a positive birefringence, whereas the free DNA has an induced
dipole and a negative birefringence. Other protein—DNA com-
plexes without DNA bending, which may exist in a distribution
of states in solution, are not reflected in this signal, at least not
explicitly. The data are described by the three-step model in a
convincing manner, first because the fit represents the experi-
mental points within the limits of experimental accuracy and
second because the resulting binding constants are consistent
with corresponding parameters determined independently by
completely different methods (4, 10). Finally, the midpoint of
the relatively narrow transition, determined in vitro under
conditions close to those in vivo, appears at a cAAMP concentra-
tion level very close to that found for regulation of gene activity in
vivo (23, 24). An exact specification of in vivo conditions with
respect to the free CAP concentration is hardly possible. The total
concentration of CAP in bacterial cells (46) is ~2.5 uM, but a
major part is expected to be bound to nonspecific DNA, because
the total concentration of nonspecific DNA sites is ~10 mM. The
amount of CAP bound to nonspecific DNA cannot be specified
exactly, partly because the degree of binding to DNA by various
proteins and other ligands is not known sufficiently well. In most
of the present experiments, the total CAP concentration was
~(0.5 uM, the total concentration of specific sites was ~0.15 uM,
and the concentration of nonspecific sites was ~20 uM. In an
Escherichia coli cell, one lac promoter corresponds to a concen-
tration of ~2 nM, but there are more than 20 operons acti-
vated by CAP, resulting in a concentration of specific sites of
~0.04 uM, rather close to that used in the present experiments.
A major difference between the in vitro and in vivo conditions is
the huge excess of nonspecific sites in vivo, which is an essential
factor in the kinetics (publication in preparation).
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