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ABSTRACT: The intrinsic fluorescence of the cyclic AMP
receptor is a sensitive indicator of the reaction with DNA, but
signals are perturbed by a photoreaction. A ratio procedure is
shown to be useful for correction. The reaction of the protein
with DNA indicated by corrected transients extends over a
broad time range not only at low salt concentrations but also at
physiological salt concentrations. The initial binding step can
be recorded preferentially at low salt pH 7 and is shown to be
very similar for specific and nonspecific DNA. The rate
constant for initial binding at 13.5 mM salt pH 7 is 2 X 10°
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M™" 57!, Slow reaction steps up to times of several hundred seconds are observed both at low and high salt; the magnitude and
sign of fluorescence amplitudes are strongly dependent on salt and pH. At 100 mM salt pH 8, the slow reaction step observed for
the binding of the cyclic AMP receptor protein to promoter DNA is strongly shifted to longer times upon reduction of the cAMP
concentration. The observed cAMP dependence is described quantitatively by a model implying that binding of the receptor to
promoter DNA requires two cAMP molecules per protein dimer and is not consistent with a model assuming that a single cAMP
is sufficient for activation. The rate constant for binding of the protein-dimer:(cAMP), complex to the promoter is 1.3 X 10° M~
s™!, close to the limit of diffusion control. Equilibration of specific complexes takes ~100 s at physiological concentrations of the

reaction components.

he cyclic AMP receptor protein (CAP) controls the

activity of more than 150 promoters.' > The control is
based on cAMP as a messenger for intracellular signal
transduction. High-resolution CAP structures have been
determined in different states of ligand binding.*"® Binding of
cAMP to the protein induces release of the DNA binding
domain from an embedded state.>” The protein is a dimer both
in crystals and in solution under usual conditions. In the
complex with the promoter, the subunits of the protein form
specific contacts with the palindromic DNA and induce
bending of the double helix by an angle®”'*™** of ~90°.
Because CAP is a paradigm for the regulation of gene activity,
structures have been studied extensively.

The information about the dynamics of the CAP system is
not as advanced yet, but some results'>~'” obtained by various
approaches have been presented. In a recent study based on
stopped-flow electro-optics,'” a rather complex sequence of
reactions was detected for the binding of CAP to promoter
DNA at a reduced salt concentration of 13.5 mM. For technical
reasons, stopped-flow electro-optics could not be applied at
physiological salt concentrations. In this investigation, the
intrinsic fluorescence of CAP is measured to study the reaction
with DNA at reduced salt concentrations used previously for
the electro-optical measurements and also at physiological salt
concentrations. The advantage of the approach based on the
intrinsic fluorescence is the fact that there are no artificial
reporter groups that may perturb the reaction response.
However, the CAP fluorescence is affected by a photoreaction;
correction is required even when the photoeffect is reduced to a
minimum. Using a ratio correction procedure, DNA binding
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could be characterized under various conditions, and also at salt
concentrations close to physiological ones. The fluorescence
data measured at low salt concentrations can be compared with
the electro-optical results, and thus, fluorescence changes can
be assigned to structural changes during the reaction.
Measurements in the physiological range of conditions clearly
demonstrate the details of the allosteric mechanism used for
regulation of gene activity by the cyclic AMP receptor.

B MATERIALS AND METHODS

The kinetics was recorded with a home-built stopped-flow
instrument. A Hamamatsu 200 W mercury—xenon lamp
together with a Bausch&Lomb high-intensity grating mono-
chromator was used for excitation at 296.7 nm. By comparison
with a commercial instrument, it was shown that the signal-to-
noise ratio of the home-built instrument is favorable. This is
partly due to the potential for individual adjustment of
experimental parameters and the availability of high light
intensities. The photoelectric signal was digitized with a
Spectrum PCL212 with 12 bit amplitude resolution and a
128 M-sample storage (Spectrum, Grosshansdorf, Germany).
Most kinetic traces were sampled at 500 kHz up to 2.13 min.
Extensive condensation of data, in particular at long times, was
applied for optimal signal-to-noise ratios of each individual
transient. This is the reason for the increase in the signal-to-
noise ratio at t >0.1 s (cf. Figures 1—5). The signal-to-noise
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ratio was also increased by averaging of up to 20 transients. The
averaged reaction transients were corrected for photoeftects by
a procedure described in Results and with limitations specified
in Discussion. Origin (OriginLab Corp.) was used for the
numerical operations. The final transients were fit to kinetic
models by DYNAFIT.'*"

The cAMP receptor protein was prepared according to the
procedure by Ghosaini et al.*® and personal communications
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.*"*

The single strands for the consensus DNA fragment with 40
bp were synthesized on the basis of the sequence given by
Ebright et al,> but the single “dangling” G residues at each end
were omitted. The single strands were annealed in 10 mM
NaCl, 20 mM sodium cacodylate (pH 7), and 0.1 mM EDTA .
The single strands for a nonspecific DNA double helix with 40
bp (ns-40bp, sequence GCGTCCAGTT CGTTGAGCTT
CTCCAGCAGC GTTAATGTCG) were synthesized and
annealed by the same procedure. The sequence of ns-40bp
was selected for its minimal content of segments corresponding
to pseudosites.'”

The following buffers were used: S mM NaCl, 10 mM
sodium cacodylate pH 7, and 0.1 mM EDTA/DTT (buffer A);
10 mM NaCl, 5 mM Tris pH 8.0, and 0.1 mM EDTA/DTT
(buffer B); 90 mM NaCl, 10 mM sodium cacodylate pH 7, and
0.1 mM EDTA/DTT (buffer C); 90 mM NaCl, 20 mM Tris
pH 8.0, and 0.1 mM EDTA/DTT (buffer D).

Moleculer graphics was designed with VMD;'” the structures
of Protein Data Bank entries 1J59” and 3HIF® together with a
DNA structure generated with NAMOT>* were used.

B RESULTS

Ratio Procedure for the Correction of Photoeffects.
When solutions of CAP are exposed to UV light for excitation
of its fluorescence, the observed fluorescence is continuously
decreased because of some photoreaction. When the light
intensity is reduced to minimize the photoreaction, the signal-
to-noise ratio is decreased, which is a serious problem in
particular for kinetic measurements at high time resolutions.
Thus, a procedure for the correction of photoeffects was tested.
Fluorescence-detected transients measured at high light
intensities are presented in Figure 1 for two different
conditions. (1) CAP and consensus DNA are mixed in the
stopped flow in buffer A and react with each other to form the
protein-DNA complex. The signal represents both the binding
and the photoreaction. (2) The solutions of CAP and
consensus DNA are mixed and allowed to equilibrate before
the mixture is exposed to the stopped flow. In this case, the
observed fluorescence change is due to the photoreaction,
either directly or indirectly. The fluorescence intensity of the
transients given in Figure 1 at time zero is normalized to 1.
Under the assumption that the change in the fluorescence
intensity due to the photoreaction is the same in both cases, the
transient representing binding and photoreaction can be
corrected by division of this transient by the transient
representing the photoreaction. The first part of the resulting
transient up to t 0.1 s is hardly affected by the correction,
whereas large changes are generated at longer times. Because
this correction procedure involves assumptions (cf. Discus-
sion), which need not be justified, the result was controlled by
separate measurements using reduced light intensity. In Figure
1b, the corrected transient from Figure la is compared with a
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Figure 1. Stopped-flow transients detected by fluorescence (normal-
ized to 1 at time zero) for the reaction of 0.1 uM CAP with 0.1 uM
consensus DNA in buffer A with 20 M cAMP at 2 °C at a high light
intensity [binding and photoreaction (blue)]. Transient observed
under the same conditions with the reactants equilibrated before the
measurement in the stopped flow [photoreaction without binding
(green)]. Transient obtained by ratio correction, ie., the transient
measured for the binding and photoreaction divided by the transient
measured for the photoreaction without binding (magenta). Transient
measured for the same reaction but at a light intensity reduced by a
factor of 10, ratio corrected (orange).

transient recorded at a much lower light intensity but without
changing all the other conditions. This transient has been
subjected to the equivalent correction procedure, again using
transients recorded with and without the binding reaction. A
simple measure of the different light intensities is the reduction
of the fluorescence in the absence of the binding reaction: at
the higher light intensity, the fluorescence is reduced by 20.7%
after exposure for 135 s, whereas the reduction is only 5.1% at
the lower light intensity after the same exposure time. Given
the large difference in the correction amplitude, the transients
are remarkably similar. A major difference is the signal-to-noise
ratio, which is of course favorable at high light intensities.

Another control showed that the change in the fluorescence
intensity due to the photoreaction under stopped-flow
conditions was very similar for CAP alone and CAP in binding
equilibrium with DNA (at the same light intensity and in the
same buffer). As a precaution against unexpected changes in the
photoeffect (e.g, due to a change in the light emission of the
arc lamp), the data for the photoreaction were recorded after
each set of reaction transients, but variations under given
reaction conditions were negligible.

The ratio correction was applied to all stopped-flow
fluorescence transients shown in this work. The reference
curves measured without the binding reaction may contribute
to the noise of the corrected transients. This noise contribution
was avoided by fitting the reference curves with sums of
exponentials. These fits represent the reference curves with
high accuracy and were used for ratio corrections. Obviously,
the ratio correction procedure may not be sufficiently accurate
under all conditions or for different reaction systems, and thus,
controls are essential. It turned out that already a change in pH
from 7 to 8 affected the photoreaction: at pH 8, lower light
intensities had to be used, which is reflected by the higher noise
of the transients recorded at pH 8. However, the variation of
the cAMP concentration used in Binding Reaction at High Salt
did not induce detectable changes in the photoreaction.
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Binding Reaction at Low Salt. The transients observed
for the reaction of CAP with consensus DNA at low salt are
quite different for pH 7 and 8 (cf. Figure 2). In buffer A at pH
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Figure 2. Stopped-flow transients detected by fluorescence, ratio
corrected, for the following reactions of 0.1 uM CAP with 0.1 uM
DNA fragments in buffers containing 20 yM cAMP at 2°C: (1)
consensus DNA in buffer A at pH 7 (black), (2) consensus DNA in
buffer B at pH 8 (magenta), (3) ns-40bp in buffer A at pH 7 (blue),
and (4) ns-40bp in buffer B at pH 8 (green).

7, there is a clear increase in the fluorescence already at short
times of up to 100 ms, whereas the corresponding transient in
buffer B at pH 8 exhibits almost no change in this time range.
In contrast, a large increase in fluorescence in buffer B at pH 8
is observed at times beyond 100 ms, whereas a fluorescence
decrease is found in buffer A in the corresponding time range.
For an assignment of these effects, it is useful to compare the
reaction of specific DNA with that of nonspecific DNA. As
shown in Figure 2, the difference in the transients observed in
buffer A at pH 7 is relatively small. Thus, it is likely that the
effects recorded for the consensus DNA also mainly reflect
binding to nonspecific sites, resulting from the fact that
nonspecific sites are abundant. Conversion of nonspecific to
specific complexes is expected in the case of consensus DNA,
but it is hardly possible to assign any of the observed
components in the fluorescence transients to such conversion,
unless additional information, e.g, by stopped-flow electro-
optics,"” is used.

The transient observed for nonspecific DNA in buffer B at
pH 8 shows an amplitude smaller than that of the
corresponding transient for consensus DNA. An estimation of
the binding constant for nonspecific DNA in buffer B based on
the data of Giraud-Panis et al.*> shows that there is only partial
binding under the given experimental conditions. Nevertheless,
the transient clearly reveals a slow reaction effect similar to that
found for consensus DNA and, thus, suggests that this slow
effect reflects some change in the conformation of the protein
occurring with both specific and nonspecific DNA.

The dependence of the transients on the reactant
concentration observed in buffer A (cf. Figure 3) can be used
to fit rate constants. The parts of the transients at >0.1 s were
not used in the fits, because these parts could not be fit with a
simple model. The reason for this complication is not
established; apparently, a more complex kinetic model is
required (cf. Discussion). Fitting of the data recorded for <100
ms to the following model
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Figure 3. Stopped-flow transients detected by fluorescence, ratio
corrected, for the reaction of CAP with consensus DNA in buffer A
with 20 uM cAMP at 2 °C in a 1:1 mixing ratio at the following
reactant concentrations after mixing: 200 (black), 100 (blue), and SO
nM (red). The least-squares global fits by the model described in the
text are colored magenta, green, and orange lines for 200, 100, and S0
nM, respectively.
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Figure 4. Stopped-flow transients detected by fluorescence, ratio
corrected, at 2 °C of 100 nM CAP with 100 nM DNA fragment with
20 #M cAMP: consensus DNA in buffer C at pH 7 (black) and buffer
D at pH 8 (blue) and ns-40bp in buffer C at pH 7 (magenta) and
buffer D at pH 8 (green).

kit +
P+D2C3E
kT

provided the following parameters: ki =2 X 10° M~ s7", k|
32 s} and kf = 1.3 s7L. Similar results were obtained from a
corresponding set of transients recorded for ns-40bp in buffer A
(not shown): k} =2 x 10° M™' s7, kf = 28 57! ,and &} = 0.02
s'. The values for kj are close to the level expected for a
diffusion-controlled reaction. The accuracy of the ki and ki
values is estimated to be +20%; the corresponding estimate for
ki is £30%.

Binding Reaction at High Salt. When 0.1 uM CAP is
mixed with 0.1 uM consensus DNA at salt concentrations of
~100 mM (buffers C and D), fluorescence-detected transients
do not show any significant effect in the time range up to 100
ms but do show a clear increase in fluorescence in the time
range t >1 s (Figure 4). This effect is very similar at pH 7 and
8. A slow effect in the same time range is observed for the
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nonspecific fragment ns-40bp at pH 7, but the amplitude is
much smaller. A further decrease in this amplitude is found for
the nonspecific fragment at pH 8. These results indicate that
the binding of CAP to nonspecific DNA at high salt and pH 8 is
negligible under the conditions of these experiments.

The slow effect found at high salt for consensus DNA has
been analyzed in more detail at pH 8 by recording its
dependence on cAMP concentration. As shown in Figure 5 the
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Figure S. Stopped-flow transients detected by fluorescence, ratio
corrected, for the reaction of 100 nM CAP with 100 nM consensus
DNA in buffer C at 20 °C at 20 (black), 10 (blue), 4 (green), and 2
UM cAMP (red). The least-squares global fits according to the model
with a CAP-(cAMP), complex binding to the DNA are colored brown,
purple, green, and magenta for 20, 10, 4, and 2 uM, respectively. The
four yellow dotted traces represent the least-squares global fits
according to the model with a CAP-cAMP complex binding to the
DNA.

main part of the slow process is strongly shifted to longer times,
when the cAMP concentration is reduced stepwise from 20 to 2
UM. This effect reflects coupling of binding of cAMP to CAP
with the binding of CAP to the DNA. A simple model of the
reaction

k+

CAP + cAMP 2 CAP-cAMP
k.

kS
CAP-cAMP + cAMP 2 CAP-(cAMP),

a

k+
CAP-(cAMP), + DNA 2 CAP-(cAMP),-DNA

d
considers the fact that there are two sites for binding of cAMP
on CAP and assumes that both of these sites should be
occupied for sufficiently strong binding to DNA. This model
can be used to fit the experimental data at a satisfactory
accuracy (cf. Figure S). The parameters of this fit are as follows:
ki=12X10°M ' s, k; =29 %x10°s7!, ki = 1.3 x 10° M™*
s, and k7 = 1.5 X 107> s™". The accuracy of the rate constants
is estimated to be +20%.

For comparison, a model with a single step of cAMP binding
followed by DNA complexation according to CAP-cAMP +
DNA < CAP-cAMP-DNA was used for fitting, but in this case,
the result is not satisfactory: the shift of the transients with a
decreasing cAMP concentration on the time scale is much
smaller than that found in the experiments (cf. Figure S).
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The three-step model presented above assumes equivalent
macroscopic rate constants for the two cAMP binding steps.
The data can also be described using a set of different
macroscopic equilibrium constants of 6.4 X 10* and 3.1 x 10*
M~ derived from fluorescence measurements of Lin and Lee>®
for binding of cAMP to the protein in the absence of DNA.
These binding constants were confirmed by birefringence
data'* for the cAMP-induced transition between straight and
bent forms of promoter DNA in binding equilibrium with CAP.
For technical reasons, it is not possible to fit rate constants
using these binding constants as boundary conditions (not yet
provided by DYNAFIT).

B DISCUSSION

The cyclic AMP receptor is of special interest because of its
central role in gene regulation and its particular mode of action
involving specific DNA binding in combination with strong
bending of the double helix. The determination of structures at
an atomic level of detail has been pushed much further than the
characterization of their dynamics. Various approaches have
been used to study the dynamics of the cyclic AMP receptor
and its binding to DNA®™Y In a recent investigation,
structures during the DNA binding reaction have been
identified by stopped-flow electro-optics'” at a salt concen-
tration of 13.5 mM. In the investigation presented here, the
intrinsic fluorescence of the receptor has been used to study the
reaction both under the conditions used for the electro-optical
study and at higher ionic strengths over the range of
physiological conditions. The intrinsic fluorescence provides
the advantage for gaining information about the system in its
natural state, without potential perturbations introduced by
reporter groups. In this case, however, a photoreaction affects
the fluorescence signals and, thus, a correction procedure has to
be used.

Ratio Correction of Transients Affected by a Photo-
reaction. The procedure used for the correction of transients
is simple and appears to be straightforward, but the results may
not be correct in all cases. Errors may appear because the
photoreaction may be different in the individual states during
the reaction. The change in fluorescence observed in the final
state of the reaction is used for correction of the fluorescence
during the whole course of the reaction. This approximation is
justified, when the photoreaction is not changed during the
binding reaction. The first steps of CAP binding to DNA are
relatively fast under most conditions, and thus, the extent of the
photoreaction is minor during the initial period of the binding
reaction. In any case, the result must be controlled because
details cannot be predicted. The controls executed in this study
justify the conclusion that the main features of the reaction are
represented properly in the corrected transients, whereas details
may require further investigation.

Binding Reactions at Low Salt. Sufficiently large changes
in fluorescence intensity during the initial 100 ms of the
binding reaction were observed only in low-salt buffer A at pH
7 (cf. Figure 3). The similarity of the transients for specific and
nonspecific DNA under these conditions clearly demonstrates
that this part of the reaction reflects binding to nonspecific
sites. The rate constant k} of 2 X 10° M™! s™! determined for
the first association step reflects a reaction close to the
diftusion-controlled limit. A comparison of the binding constant
ki/ki = 7—8 X 10° M~ with a linear extrapolation of the
equilibrium data presented by Giraud-Panis et al*® in their
Figure 4 seems to indicate a difference of a factor of ~100.
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However, these authors report in their Figure 1 a change in the
slope of log(K) versus log[Na] at low salt. When this effect is
considered, extrapolation of their data provides a binding
constant similar to that derived from the kinetic experiments.
Because of extrapolation, the comparison can be only
approximate; furthermore, there are relatively large differences
in the equilibrium parameters presented by different authors;
finally, the ki/ki value need not be equivalent with the
equilibrium constant, because there are more reaction steps.
The experimental transients demonstrate the existence of
further reaction steps, but a satisfactory quantitative inter-
pretation of these data failed, because the optical parameters of
the transients measured at different reactant concentrations at
>100 ms were not consistent with a simple model. There are
different possibilities for a qualitative interpretation. Binding of
CAP to nonspecific DNA is known to be cooperative. A first
step of binding is expected to produce complexes at “isolated
sites” of the DNA “lattice”. Thus, the reaction subsequent to
the initial step may be occupation of adjacent binding sites,
leading to complexes stabilized by cooperative interactions.
Because the size of a CAP binding site includes ~15 nucleotide
residues,””*® the cooperative growth reaction is limited for the
40 bp DNA fragments used in this study. Another type of
reaction expected to occur is redistribution of CAP molecules
between different DNA strands."> The special dependence on
the DNA concentration resulting from this type of reaction has
not been included in the models used for data fitting until now.
Consideration of exchange reactions between strands may
resolve problems with fitting of transients at low salt for times
of >100 ms. In addition to the processes discussed above,
reaction steps that reflect conformation changes like the release
of the specific DNA binding site from the embedded state of
the receptor protein must be expected.®’

In the case of the consensus DNA, the final state of the
reaction is the specific complex, and thus, again rearrangement
reactions are expected to occur. Kinetic models including all the
different types of rearrangements have not yet been tested.

Binding Reaction at High Salt. Most of the complications
resulting from binding to nonspecific sites at low salt are
avoided at high salt and pH 8, because the level of nonspecific
binding is reduced to a minimum. Although complexes with
nonspecific sites are not expected to appear in a significant
population, they may contribute as short-lived intermediates.
The standard approach used in the determination of binding
kinetics using transients measured at different CAP and DNA
concentrations was tested, but the experimental transients did
not provide sufficiently clear results. Variation of the cAMP
concentration provided more useful information. The distinct
shift of the reaction transients observed upon variation of the
cAMP concentration (cf. Figure S) proved to be very useful for
a detailed characterization of the binding reaction. It is well-
known that binding of cAMP to CAP enhances the DNA
binding affinity. However, the views of the mechanism of this
regulation presented in the literature are very different. Many
authors concluded until recently””**~>! that binding of a single
AMP to the CAP dimer is sufficient for activation. As shown in
Figure S, the kinetic data are not consistent with a model
assuming that binding of a single cAMP to the CAP dimer is
enough for promoter binding under physiological conditions.
The model implying two cAMP molecules for sufficient
activation of DNA binding is in exact agreement with the
strong shift of the reaction transients induced by changes in the
cAMP concentration. Recently, an electro-optical analysis of the
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equilibrium transition between bent and straight DNA resulting
from changes in the cAMP concentration'* also led to the
conclusion that two cAMP molecules are required for
activation. Now there are results obtained by two completely
independent techniques supporting the same conclusion. In
comparison with previous investigations, it should be noted
that the kinetic approach is relatively simple and provides the
possibility of comparing the experimental result with
predictions of the alternative models by simple visual inspection
(cf. Figure S), illustrating the high sensitivity of kinetics. The
models can be distinguished because the different concen-
tration dependencies are clearly separated out on the time scale.
Another essential argument in favor of this interpretation is the
fact that the fitted parameters come in the expected range of
magnitude without external constraints: for example, the
equilibrium constant for specific DNA binding is on the
order of magnitude given by literature data,® and the rate
constant for specific binding is very close to those found for
corresponding protein—DNA complexes®>** (cf. below).

The problem of the allosteric control mechanism is coupled
with the more general question of the action principle of the
cAMP receptor: the palindromic promoter DNA and the
protein dimer appear to be selected for optimal use of the
specific recognition module by combination of two units
leading to doubling of the free energy. Along this line,
activation of both subunits by the same mechanism may be
expected. The results presented here support this view.
According to the results of Lin and Lee,>> however, binding
of cAMP to the second protein unit even leads to a reduction in
the affinity for the promoter. Because of the general
implications, investigations by independent approaches should
be useful,

The rate constants both for binding of cAMP to the protein
and for binding of the cAMP-CAP complex to the promoter
DNA are relatively high. Thus, the rather long time required for
formation of the specific complex under physiological
conditions is mainly due to the low concentration of the active
reactants. Under the conditions used for regulation in living
cells,***> the cAMP concentration is ~1 uM, leading to a
fraction of the receptor with both cAMP sites occupied of
~107. The rate constant for binding of the receptor-(cAMP),
complex to the promoter obtained from these experiments 1.3
x 10°* M~ s7! is well within the range of values reported for
corresponding cases of DNA recognition.>”*> This rate is close
to the limit of diffusion control. Fried and Crothers' reported
different rate constants of 6.7 X 10° and 5 X 10" M~" s™* for the
reaction of CAP with a wild-type promoter fragment in a low-
salt buffer using a gel electrophoresis technique with and
without quenching, respectively. They attributed the difference
to “removal of non-specifically bound CAP during the
quenching step”. Tworzydlo et al'® used reactants with
fluorescence labels at an ionic strength of ~130 mM and
found rate constants in the range of 1.1-3.4 X 10° M™' s™!. Tt is
likely that the difference from the value presented here is due to
the labels, which seem to report a different mode of the
reaction.

General Survey of Assignments. A comparison of the
transients observed for the different fragments indicates that
nonspecific binding is the first reaction at reduced salt
concentrations, also in the case of the promoter DNA fragment.
This is due to the large excess of nonspecific sites on DNA,
even for a relatively short promoter DNA. At high salt, the fast
process reflecting nonspecific binding is not observed anymore.

dx.doi.org/10.1021/bi3002874 | Biochemistry 2012, 51, 4028—4034
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Thus, the conclusion that the remaining slow process reflects
specific binding is suggested. However, the slow processes
observed at reduced salt concentrations cannot be assigned
automatically to formation of specific complexes, because slow
processes appear for nonspecific DNA, as well. In summary,
part of the processes found in the fluorescence transients can be
assigned reasonably well, but there are obvious difficulties in the
assignment of some processes.

General conclusions obtained by comparison of data for
specific and nonspecific DNA are equivalent for fluorescence
and electro-optical data. The main difference is the structural
information resulting from electro-optical transients. Because
this information is mainly on the level of the global structure,
specific complexes are not detected from individual contacts
between bases and amino acid side chains directly but are
distinguished by the global implications of these contacts. In
the case of CAP—promoter complexes, the DNA double helix is
strongly bent, indicated by a clear reduction of electro-optical
decay time constants. The experiments at 13.5 mM salt show
the appearance of bent DNA over a broad time range from ~1s
up to hours, depending on the lifetime of nonspecific
complexes. The fluorescence experiments under corresponding
conditions reveal fluorescence changes in the same time range.
The direction of this change is pH-dependent: at pH 7, the
fluorescence decreases, whereas at pH 8, an increase is
observed.

The electro-optical data demonstrate that the broad time
range for formation of the specific complex with bent DNA at
low salt is due to a slow transfer of the protein from nonspecific
sites to the specific site.'” This delay effect is reduced when the
lifetime of nonspecific complexes is decreased. By this
argument, it may be expected that specific complexes are
formed at a high rate, when the salt concentration is high.
However, the reaction observed at high salt is not as fast as
might have been expected, because binding to specific sites
requires the active form of CAP, which is induced by binding of
cAMP. This is reflected in the kinetics of CAP binding to the
promoter by a very strong dependence of the rate on cAMP
concentration. The experimental data clearly demonstrate that
two cAMP molecules must be bound to the CAP dimer for full
activation of promoter binding. X-ray structures®” show that
the DNA binding domain of CAP is embedded in the absence
of cAMP and is exposed upon cAMP binding. For sufficiently
strong promoter binding, both subunits must be converted to
the active form. In the physiological range of cAMP
concentrations, the equilibrium concentration of CAP with
two cAMP molecules is rather low, leading to a relatively slow
complex formation.
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