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Abstract

CyclicAMP receptor protein~CRP! regulates transcription of numerous genes inEscherichia coli. Both cAMP and
cGMP bind CRP, but only cAMP induces conformational changes that dramatically increase the specific DNA binding
activity of the protein. We have shown previously that our protein footprinting technique is sensitive enough to detect
conformational changes in CRP by cAMP@Baichoo N, Heyduk T. 1997.Biochemistry 36:10830–10836#. In this work,
conformational changes in CRP induced by cAMP and cGMP binding were mapped and quantitatively analyzed by
protein footprinting using iron complexed to diethylenetriaminepentaacetic acid~@Fe-DTPA# 22!, iron complexed to
ethylenediaminediacetic acid~@Fe-EDDA#!, iron complexed to desferrioxamine mesylate~@Fe-HDFO# 1!, and copper
complexed too-phenanthroline~@~OP!2Cu# 1! as proteases. These chemical proteases differ in size, charge, and hydro-
phobicity. Binding of cAMP to CRP resulted in changes in susceptibility to cleavage by all four proteases. Cleavage by
@Fe-EDDA# and @Fe-DTPA# 22 of CRP-cAMP detected hypersensitivities in the DNA-binding Fa-helix, the inter-
domain hinge, and the ends of the Ca-helix, which is involved in intersubunit interactions.@Fe-EDDA# and @Fe-
DTPA# 22 also detected reductions in cleavage in the D and Ea-helices, which are involved in DNA recognition.
Cleavage by@Fe-HDFO# 1 of CRP-cAMP detected hypersensitivities inb-strand 8, the Ba-helix, as well as in parts of
the F and Ca-helices.@Fe-HDFO# 1 also detected protections from cleavage inb-strands 4 to 5 and their intervening
loop, b-strand 7, which is part of the nucleotide binding pocket, as well as in the D and Ea-helices. Cleavage by
@~OP!2Cu# 1 of CRP-cAMP detected hypersensitivities inb-strands 9 and 11 as well as in the D and Ea-helices.
@~OP!2Cu# 1 also detected protections in the Ca-helix , the interdomain hinge, andb-strands 2–7. Binding of cGMP to
CRP resulted in changes in susceptibility to cleavage only by@~OP!2Cu# 1, which detected minor protections in
b-strands 3–7, the interdomain hinge, and the Ca-helix. These results show that binding of cAMP causes structural
changes in CRP in the nucleotide binding domain, the interdomain hinge, the DNA binding domain, and regions
involved in intersubunit interaction. Structural changes induced by binding of cGMP appear to be very minor and
confined to the nucleotide binding domain, the interdomain hinge, and regions involved in intersubunit interaction. Use
of different cleaving agents in protein footprinting seems to give a more detailed picture of structural changes than the
use of a single protease alone.
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CyclicAMP receptor protein~CRP! regulates transcription of over
100 genes inEscherichia coli~for recent reviews, see Kolb et al.,
1993; Adhya et al., 1995!. CRP consists of a homodimer, each

subunit of which is comprised of a N-terminal and a C-terminal
domain connected by a hinge region as shown in Figure 1. Upon
binding cAMP, CRP undergoes a conformational change that al-
lows it to bind specific DNA sequences with increased affinity
~Krakow & Pastan, 1973; Wu & Wu, 1974; Wu et al., 1974; Eilen
& Krakow, 1977; Pampeno & Krakow, 1979; Tsugita et al., 1982;
Ebright et al., 1985; Heyduk & Lee, 1989; DeGrazia et al., 1990;
Lee et al., 1990; Sixl et al., 1990; Tan et al., 1991; Hinds et al.,
1992!. CRP can also bind cGMP; however, this ligand does not
improve specific binding of the protein to DNA~Takahashi et al.,
1980; Fried & Crothers, 1984!. The structural basis for the in-
creased DNA binding activity of CRP induced by cAMP is not
fully understood. Crystal structures of cAMP and DNA-bound CRP
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are known~McKay et al., 1982; Weber & Steitz, 1987; Schultz
et al., 1991; Parkinson et al., 1996!. However, no three-dimensional
structure of unliganded CRP is available. In the absence of struc-
tural data, models of cAMP-induced conformational transition in
CRP were proposed on the basis of mutagenesis data~Garges &
Adhya, 1985, 1988; Kim et al., 1992!. According to these models,
binding of cAMP to the N-terminal domain induces a rearrange-
ment of DNA-binding a-helices in the C-terminal domain of
the protein. Energetic studies on intersubunit and interdomain
interactions in CRP and its mutants provided evidence that both
intersubunit and interdomain interactions play a role in a cAMP-
dependent conformational switch in CRP~Cheng et al., 1993, 1995;
Cheng & Lee, 1998!. These studies suggest that multiple regions
of the protein should be affected by cAMP binding.

We have shown recently that our protein footprinting technique
~Heyduk & Heyduk, 1994; Heyduk et al., 1996! can be used to
map regions of protein affected by conformational changes~Ba-
ichoo & Heyduk, 1997!. In this protein footprinting technique,
regions of protein involved in conformational changes upon ligand
binding can be identified by changes in susceptibility to a protease.
Identification of cleavage products is achieved by using an end-
labeled protein whose fragments are separated by electrophoresis.
Development of quantitative methods for the analysis of these data
has allowed detection of small changes in sensitivity of protein to
cleavage and high-resolution mapping~Heyduk et al., 1996!. These
previous protein footprinting studies used@Fe-EDTA# 2 as a pro-
tease. However, several other metal complexes varying in size,

charge, and hydrophobicity can also be used as chemical proteases.
Different proteases may recognize and cleave different protein
motifs and, thus, should be able to detect different but comple-
mentary aspects of the same structural change. Assembling the
regions of CRP identified by each protease as being perturbed by
cAMP should give a more complete picture of structural changes
that occur. Additionally, comparing the results between proteases
gives information on their specificity and on what aspects of con-
formational change each recognizes.

In this work we map conformational changes induced in CRP
upon cAMP and cGMP binding using protein footprinting with
four metal–chelate complexes. The regions in CRP affected by
cyclic nucleotide binding were identified as those where changes
in sensitivity to cleavage by metal–chelate complexes were observed.

Results

In our experiments we have used a CRP protein that has seven
nonnative amino acids at the N-terminus and eight nonnative amino
acid residues at the C-terminus. We have previously shown that the
additional nonnative amino acid residues did not significantly per-
turb the conformation of CRP because this modified protein is as
active as the wild-type~wt! protein in binding cAMP, specific
DNA sequences, and RNA polymerase~RNAP! ~Baichoo & Hey-
duk, 1997!. After specific labeling of the the N-terminus with33P,
the protein~referred to as CRP#! was subjected to limited cleavage
with proteases in the presence and absence of cAMP and cGMP.
Cleavage reactions were performed under “single hit” conditions
~Brenowitz et al., 1986!, in which less than 10% of the protein was
cut. The products of cleavage reactions were resolved using dena-
turing gel electrophoresis~Schagger & von Jagow, 1987!, and
examples of autoradiograms of these gels are shown in Figures 2A–
5A. The bands of cleavage products were assigned by comparing
their electrophoretic mobility with the mobility of appropriate stan-
dards ~Materials and methods; Baichoo & Heyduk, 1997!. Al-
though differences between gel lanes can be detected visually
~Figs. 2A–5A!, data were subjected to rigorous quantitative analy-
sis ~Heyduk et al., 1996; Baichoo & Heyduk, 1997!, and are pre-
sented as difference plots that graph the normalized difference
between gel lanes vs. amino acid sequence~Figs. 2–5!. Positive
values of normalized difference correspond to regions of CRP#

that become hypersensitive to cleavage by protease upon binding
cyclic nucleotide, while negative values correspond to regions that
become protected from cleavage. Protections and hypersensitivi-
ties were considered significant if greater in magnitude than 23
the standard error, which is shown as the error bar to the left of
each plot~Figs. 2B–5B!. Relevant secondary structural motifs of
CRP are shown in difference plots as lines above regions where
significant changes occur. All secondary structure elements of CRP
are shown in Figure 1, where they are identified using the same
labels as used in Figures 2–5.

Changes in susceptibility of CRP# to cleavage by
[Fe-DTPA]22 upon binding cyclic nucleotides

Figure 2A shows a gel image of a protein footprinting experiment
in which CRP#, CRP#-cAMP, and CRP#-cGMP are subjected to
limited proteolysis by@Fe-DTPA# 22. Major differences in band
intensities were seen between lanes corresponding to CRP# and
CRP#-cAMP, but not between lanes corresponding to CRP# and
CRP#-cGMP. Differences in band intensities were observed pri-

Fig. 1. Structure of the CRP dimer. The sixa-helices are lettered, the 12
b strands are numbered, and the interdomain hinge is labeled. The figure
was drawn with MOLSCRIPT~Kraulis, 1991! using coordinates for CRP
in the cAMP–CRP–DNA complex~Parkinson et al., 1996!. The coordi-
nates were obtained from the Brookhaven Protein Data Bank~accession
code 1BER!. Secondary structures were assigned as described by Weber
and Steitz~1987!.
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marily in the C-terminal region of the protein. Figure 2B shows a
difference plot~average of results from four gels! for cAMP bind-
ing to CRP#. Upon binding cAMP, major protections were ob-
served in amino acid residues 142–157 and 162–175, which
correspond to the D and Ea-helices, respectively. Hypersensitivity
upon binding cAMP was observed in residues 130–137, which
correspond to part of the Ca-helix and the interdomain hinge, and
in residues 180–185, which correspond to part of the Fa-helix.
Figure 2C shows a difference plot of unliganded CRP# in which no
significant changes in susceptibility were observed, demonstrating
that data analysis introduced no systematic errors. No significant
changes in susceptibility of CRPto@Fe-DTPA# 22 were detected upon
binding cGMP, as shown in Figure 2D. Results obtained using
@Fe-DTPA# 22 are very similar to those obtained previously using
@Fe-EDTA# 2 as a chemical protease~Baichoo & Heyduk, 1997!.

Changes in susceptibility of CRP# to cleavage by
[Fe-EDDA] upon binding cyclic nucleotides

Figure 3A shows a gel image of a protein footprinting experiment
in which CRP#, CRP#-cAMP, and CRP#-cGMP were subjected to
limited proteolysis by@Fe-EDDA#. As in the case of@Fe-DTPA# 22,
differences in corresponding band intensities were observed be-

tween CRP# and CRP#-cAMP, but not between CRP# and CRP#-
cGMP. Most changes were observed in the C-terminal region of
the protein. Figure 3B shows that major protections from cleavage
by @Fe-EDDA# upon binding cAMP occurred in residues 141–156
and 164–179, which corresponded to the D and Ea-helices, re-
spectively. Residues 109–114, which correspond to parts of the B
and Ca-helices; residues 130–137, which correspond to parts of
the Ca-helix and interdomain hinge; and residues 183–186, which
correspond to the Fa-helix, all became hypersensitive to cleavage
by @Fe-EDDA# upon binding cAMP. Figure 3C shows a difference
plot of unliganded CRP# in which no significant changes in sus-
ceptibility were seen. Figure 3D shows that@Fe-EDDA# did not
detect any changes in susceptibility of CRP upon binding cGMP.
Results from cleavage of CRP by the uncharged@Fe-EDDA# par-
allel those observed using negatively charged@Fe-DTPA# 22, in-
dicating that the two iron chelate complexes have similar modes of
recognition and cleavage of polypeptides.

Changes in susceptibility of CRP# to cleavage by
[Fe-HDFO] 1 upon binding cyclic nucleotides

Figure 4A shows a gel image of a protein footprinting experiment
in which CRP#, CRP#-cAMP, and CRP#-cGMP were subjected to

B
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D

Fig. 2. @Fe-DTPA# 22 cleavage of CRP# and its complexes with cAMP and cGMP.A: Autoradiogram of a protein footprinting
SDS-PAGE for CRP# and its complexes with cAMP and cGMP, using@Fe-DTPA# 22 as a cleaving reagent. The lane labeled CRP uncut
was loaded with CRP# untreated by@Fe-DTPA# 22, while the lane labeled CNBr was loaded with CRP# partly digested by CNBr. All
other lanes are loaded with free CRP# and its complexes with cAMP and cGMP as labeled subjected to@Fe-DTPA# 22-mediated
cleavage.B–D: Averaged difference plots showing results of quantitative analysis of multiple experiments shown inA. Normalized
difference is defined as~I - ICRP#!0I, whereI is the corrected Phosphorimager intensity for the complex under study andICRP# is the
corrected Phosphorimager intensity for CRP# alone.B: Averaged difference plot for the cAMP–CRP# complex vs. CRP#. C: Averaged
difference plot for CRP# vs. CRP#. D: Averaged difference plot for the cGMP–CRP# complex vs. CRP#.
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limited proteolysis by@Fe-HDFO# 1. Visual examination of the gel
image reveals major differences between CRP# and CRP#-cAMP,
but not between CRP# and CRP#-cGMP. Differences in band in-
tensities are seen in both the N- and C-terminal domains. Fig-
ure 4B shows a difference plot resulting from the averaging of
seven gels. Some differences in band intensities between lanes in
the single gel shown in Figure 4A became attenuated in Figure 4B
due to averaging of data from multiple experiments. On the basis
of Figure 4B, significant protections of CRP from cleavage by
@Fe-HDFO# 1 upon binding cAMP were seen in residues 48–60,
which correspond tob-strands 4 to 5 and their intervening loop;
residues 82–88, which correspond tob-strand 7; residues 148–155,
which correspond to the Da-helix; and residues 168–181, which
correspond to the Ea-helix. Hypersensitivity to cleavage upon
binding cAMP was observed in residues 96–102, which corre-
spond tob-strand 8; residues 131–140, which correspond to part of
the Ca-helix and interdomain hinge; and residues 184–197, which
correspond to the Fa-helix. Figure 4C and 4D show no significant
changes in susceptibility for unliganded CRP and CRP-cGMP,
respectively. Cleavage of CRP-cAMP by@Fe-HDFO# 1 detected
aspects of cAMP-induced conformational changes in the N-terminal
domain that were not observed when@Fe-DTPA# 22 and @Fe-
EDDA# were used as proteases; namely, protections from cleavage
in b-strands 4 to 5 and 7, and hypersensitivity ofb-strand 8. These
observations suggest that recognition and cleavage of proteins by
@Fe-HDFO# 1 is different from that of@Fe-DTPA# 22 and @Fe-

EDDA#, and that minor structural changes may occur in the
N-terminal region of CRP upon binding cAMP. Changes in sus-
ceptibility in the C-terminal domain of CRP upon binding cAMP
are similar for@Fe-HDFO#1, @Fe-DTPA#22, and@Fe-EDDA#. These
changes all map reductions in accessibility of the D and Ea-helices
and increased accessibility of the C and Fa-helices as well as the
interdomain hinge. Thus, in spite of their different charges and
possibly different modes of proteolysis, all three iron–chelate com-
plexes detected major conformational changes in CRP upon bind-
ing cAMP.

Changes in susceptibility of CRP to [(OP)2Cu] 1

upon binding cyclic nucleotides

Figure 5A shows a gel image of an experiment in which CRP# was
subjected to cleavage by@~OP!2Cu# 1 in the presence and absence
of cyclic nucleotides. In the absence of nucleotides, a preferred site
of cleavage was observed. A major band;125 was observed that
corresponded to the Ca-helix. Sensitivity of CRP# to cleavage by
@~OP!2Cu# 1 changes in the presence of each cyclic nucleotide.
Upon binding cAMP, a dramatic reduction in intensity was ob-
served in parts of gels corresponding to amino acid residues 112–
135, while lesser reductions were seen in regions corresponding to
the N-terminal region of the protein. In some experiments, reduc-
tions were also observed in the C-terminal regions; however, these
disappeared upon averaging multiple experiments. Minor increases
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Fig. 3. @Fe-EDDA# cleavage of CRP# and its complexes with cAMP and cGMP.A: Autoradiogram of a protein footprinting SDS-
PAGE for CRP# and its complexes with cAMP and cGMP using@Fe-EDDA# as a cleaving reagent. Lanes are labeled as in Figure 2.
B: Averaged difference plot for the cAMP–CRP# complex vs. CRP#. C: Averaged difference plot for CRP# vs. CRP#. D: Averaged
difference plot for cGMP–CRP# complex vs. CRP#.
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in intensity were observed in regions of gels corresponding to the
C-terminal domain. Figure 5B displays the results of seven gels
averaged as a difference plot. After averaging results of multiple
experiments, the major reduction in intensity between residues 113
and 138 is found to persist. This massive protection includes the
long Ca-helix and interdomain hinge. Minor protections that sur-
vived averaging were observed in residues 27–32, 35–38, 43–48,
53–62, and 63–84, which encompassb-strands 2–7. After averag-
ing, minor hypersensitivities were noted in residues 147–175 as
well as in residues 191–199. These regions of hypersensitivity
includeb-strands 9 and 11, and parts of the D, E, and Fa-helices.
Reductions in susceptibility to proteolysis can be attributed to
conformational changes that disrupt cleavage sites for@~OP!2Cu# 1.
Conversely, enhancements of cleavage can be attributed to con-
formational changes that produce sites conductive to cleavage by
@~OP!2Cu# 1. Figure 5C shows a control data analysis showing no
significant deviations from zero baseline in difference plot for
unliganded CRP#.

Upon binding cGMP, changes in band intensities relative to free
CRP# were observed, as shown in Figure 5D. Reductions of band
intensities in the N-terminal, but not C-terminal domain are in
similar places to those observed upon formation of CRP#-cAMP.
Figure 5D shows a difference plot averaged from multiple ex-
periments. Protections from cleavage in the presence of cGMP
were observed in residues 44–46, 52–61, and 62–83, which cor-
respond tob-strands 2–7; residues 114–140, which correspond to
the C a-helix and the interdomain hinge; and residues 184–191,

which correspond to the Fa-helix. Residues inb-strands 2–7, the
C a-helix, and hinge region are protected from cleavage by
@~OP!2Cu# 1 upon binding cAMP and cGMP, indicating that some
of the same domains of CRP are involved in structural changes
induced by both ligands. However, the magnitudes of protection
due to cAMP were generally smaller compared to cGMP, implying
that the same regions of CRP may undergo different structural
changes upon binding each ligand. Also, hypersensitivities in
the C-terminal domain seen in the presence of cAMP were not
observed in the presence of cGMP. Taken together, data from
@~OP!2Cu# 1 cleavage indicates that similar N-terminal regions of
CRP are affected by interactions with cAMP and cGMP, but the
conformational changes in these regions as well as those in the C
a-helix, the interdomain hinge, and the C-terminal domain are
different. This is consistent with both cyclic nucleotides being able
to bind CRP in the N-terminal region, but only cAMP being able
to improve DNA binding in the C-terminal region. Proteolysis by
@~OP!2Cu# 1 detects some aspects of conformational change that
are not detected by the iron–chelate complexes, and vice versa.
However, the combined results from all the chemical proteases
used give a comprehensive picture of the conformational change
that CRP undergoes upon binding cyclic nucleotides.

Discussion

Previous studies have established that binding of cAMP induces
conformational changes in CRP, which improve the affinity of the
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Fig. 4. @Fe-HDFO# 1 cleavage of CRP# and its complexes with cAMP and cGMP.A: Autoradiogram of a protein footprinting
SDS-PAGE for CRP# and its complexes with cAMP and cGMP using@Fe-HDFO# 1 as a cleaving reagent. Lanes are labeled as in
Figure 2.B: Averaged difference plot for the cAMP–CRP# complex vs. CRP#. C: Averaged difference plot for CRP# vs. CRP#.
D: Averaged difference plot for the cGMP–CRP# complex vs. CRP#.
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protein for specific DNA sequences, while binding of cGMP does
not ~Takahashi et al., 1980!. Using results from mutagenesis stud-
ies, a model has been proposed in which cAMP-binding induces a
structural rearrangement of the interdomain hinge such that the F
a-helix moves outward from the rest of the protein, allowing it to
contact the major groove of DNA~Garges & Adhya, 1985!. This
model was supported by protein footprinting experiments using
@Fe-EDTA# 2 as a protease~Heyduk & Heyduk, 1994; Baichoo &
Heyduk, 1997!. The current studies were performed to determine
whether other chemical proteases differing in charge, size, and
hydrophobicity would detect other aspects of cyclic nucleotide-
induced conformational change. Additionally, such studies would
provide information about the utility of the different proteases for
protein footprinting.

Regions of CRP that experience significant changes in suscep-
tibility to cleavage by iron–chelate complexes upon binding cAMP
are shown in Figure 6, in which the CRP dimer is oriented as in
Figure 1. Comparison of the panels in Figure 6 shows that pro-
tections ofa-helices D and E as well as hypersensitivity of the F
a-helix and interdomain hinge are detected by all three iron–
chelate complexes used in this study. Figure 6B shows that@Fe-
EDDA# also detected hypersensitivity in the N-terminus of the C
a-helix. In addition to the changes detected by@Fe-DTPA# 22 and
@Fe-EDDA#, cleavage by@Fe-HDFO# 1 detected protections in the
loop betweenb-strands 4 to 5 which, although distant in the pri-
mary structure, is close to parts ofa-helices D and E in the same

subunit and the interdomain hinge of the other subunit in the
three-dimensional structure~Fig. 1!. Cleavage by@Fe-HDFO# 1

also detected a minor protection inb-strand 7 and minor hyper-
sensitivities inb-strand 8 and the Ba-helix, none of which were
seen when the other iron–chelate complexes were used.

Hypersensitivity of the Fa-helix detected previously using@Fe-
EDTA# 2 agrees with the model proposed by Garges and Adhya
~1988! that this region, upon binding of cAMP, moves away from
the rest of the protein and becomes available for interaction with
DNA. Hypersensitivity of the interdomain hinge indicates that it
becomes rearranged upon binding cAMP, also in agreement with
the model. Increased accessibility of this region to enzymatic pro-
teases was observed previously~Krakow & Pastan, 1973; Tsugita
et al., 1982; Angulo & Krakow, 1985; Ebright et al., 1985; Heyduk
& Lee, 1989!. Hypersensitivity of the ends of the Ca-helix, which
are involved in intersubunit interactions~McKay et al., 1982;
Weber & Steitz, 1987!, indicates that these regions may play a role
in communicating structural changes induced by cAMP-binding in
the N-terminal domain to the DNA-binding C-terminal domain.
Reductions in susceptibility ofa-helices D and E indicate that,
upon binding cAMP, these regions undergo structural changes that
may move them inward toward the body of the protein, thus mak-
ing them less accessible to cleavage. Movement of the Da-helix
inward toward the Ca-helix has been proposed previously on the
basis of mutagenesis studies in which interactions between residue
141 in the Da-helix and residue 138 in the hinge were shown to
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Fig. 5. @~OP!2Cu# 1 cleavage of CRP# and its complexes with cAMP and cGMP.A: Autoradiogram of a protein footprinting SDS-
PAGE for CRP# and its complexes with cAMP and cGMP using@~OP!2Cu# 1 as a cleaving reagent. Lanes are labeled as in Figure 2.
B: Averaged difference plot for the cAMP–CRP# complex vs. CRP#. C: Averaged difference plot for CRP# vs. CRP#. D: Averaged
difference plot for the cGMP–CRP# complex vs. CRP#.
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Fig. 6. Regions of CRP affected by binding of cAMP. The protein is in the same orientation as in Figure 1.A: The protein backbone
superimposed on the surface.B–E: These correspond to surfaces illustrating results using@Fe-DTPA# 22 ~B!, @Fe-EDDA# ~C!,
@Fe-HDFO# 1 ~D!, and@~OP!2Cu# 1 ~E!, respectively. Red surfaces indicate areas of CRP that become more susceptible to cleavage in
the presence of cAMP, while blue surfaces show areas that become less susceptible in the presence of cAMP. The figure was drawn
with GRASP~Nicholls et al., 1991! using cAMP–CRP coordinates for the cAMP–CRP–DNA complex~Parkinson et al., 1996!. The
coordinates were obtained from Brookhaven Protein Data Bank~accession code 1BER!.
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affect the cAMP dependence of DNA binding by CRP~Kim et al.,
1992; Ryu et al., 1993!. Also, mutations of residues 169 and 171
in the Ea-helix restore cAMP control to a cAMP independentcrp*
mutant Ala144Thr suggesting a role for these interdomain inter-
actions in the cAMP-induced conformational change~Garges &
Adhya, 1988!. Proteolysis by@Fe-HDFO# 1 detected protections in
b-strands 4 to 5 and 7. The loop betweenb-strands 4 and 5 has
been implicated in binding a second cAMP molecule in a recent
DNA-bound structure of CRP~Passner & Steitz, 1997!. Also, the
loop betweenb-strands 4 and 5 of each subunit is in close prox-
imity to the interdomain hinge of the other subunit; thus, rearrange-
ments in the hinge could affect the susceptibility of the loop to
some proteases. Parts ofb-strand 7 are close enough to cAMP in
the N-terminal binding pocket to form hydrogen bonds to cAMP
~Weber & Steitz, 1987!, and this region may undergo a slight
rearrangement upon ligand binding. Minor hypersensitivities in
b-strand 8 and the Ba-helix, which connect theb-roll to the long
C a-helix, are detected, indicating that a slight perturbation of
these structures occurs upon cAMP binding. Results from the iron–
chelate complexes in this study give a picture of major structural
changes occurring in the C-terminal domain of CRP upon cAMP
binding with minor structural perturbations in the N-terminal do-
main. None of the iron chelate complexes used in this study de-
tected structural changes in CRP induced by binding cGMP. This
is consistent with the inability of this cyclic nucleotide to induce
DNA binding ~Takahashi et al., 1980!, and indicates that any con-
formational changes thus induced are very small in magnitude.

Figure 6D shows the localization of changes in susceptibility of
CRP to cleavage by@~OP!2Cu# 1. Changes in susceptibility occur
in both the N- and C-terminal domains upon binding cAMP. The
most prominent change induced by cAMP was a dramatic reduc-
tion in susceptibility of CRP# that almost exactly corresponds to
the Ca-helix and interdomain hinge. This indicates that binding of
cAMP induces a structural change that makes the Ca-helix and
hinge less accessible to cleavage by@~OP!2Cu# 1. The long C
a-helix is involved in cAMP binding as well as intersubunit inter-
actions~Weber & Steitz, 1987!. Changes in susceptibility of the C
a-helix upon formation of CRP-cAMP are consistent with inter-
subunit interactions being important in conducting structural changes
from the N-terminal region of CRP to the C-terminal region~Cheng
et al., 1993; Cheng & Lee, 1998!. Changes in susceptibility of the
interdomain hinge region are consistent with this region being
rearranged in the presence of cAMP. Smaller protections from
cleavage were observed in the loops betweenb-strands 3 to 4 and
4 to 5 as well as inb-strands 5, 6, and 7. These regions all are part
of theb-roll structure that binds cAMP. Parts ofb-strands 6 and 7
are close enough to cAMP in the crystal structure to form hydrogen
bonds~Weber & Steitz, 1987!. The loop betweenb-strands 4 and
5 of each subunit is close to the interdomain hinge of the other
subunit and toa-helices D and E of the same subunit and may be
perturbed by rearrangements in these regions as well as by binding
of a second cAMP molecule itself in the C-terminal domain of the
protein ~Passner & Steitz, 1997!. Binding of cAMP to CRP may
thus cause a perturbation of the nucleotide-bindingb-roll, which
abolishes cleavage sites for@~OP!2Cu# 1 in regions where protec-
tions were observed. Also, the loop betweenb-strands 4 and 5 may
be part of a surface that, along with the hinge, presents cleavage
sites for@~OP!2Cu# 1 that become disrupted upon binding of cAMP.
Mild hypersensitivities occurred inb-strands 9 and 11 as well as in
the D, E, and Fa-helices upon binding cAMP. This observation
indicates that these regions undergo a structural change in the

presence of cAMP that produces sites more favorable to cleavage
by @~OP!2Cu# 1. Taken together, changes in susceptibility of CRP
to cleavage by@~OP!2Cu# 1 suggest that binding of cAMP perturbs
elements of theb-roll structure as well as the Ca-helix, and re-
sults in a reorientation of the interdomain hinge and rearrange-
ment of secondary structural elements of the C-terminal region of
CRP. This is entirely consistent with predictions made on the basis
of detailed mutagenesis studies~Garges & Adhya, 1988! and in
agreement with results from the iron–chelate complexes in this
study. Comparison of Figures 2A–4A and Figure 5A shows that
@~OP!2Cu# 1 produces different cleavage patterns from the iron–
chelates.@~OP!2Cu# 1 seems to cleave intensely at very specific
locations, allowing small structural changes in these regions to be
detected. Although different changes in cleavage patterns were
observed when the iron–chelate complexes and@~OP!2Cu# 1 were
used, all identified the C, D, E, and Fa-helices, and the inter-
domain hinge as sites of rearrangement upon cAMP binding. Ad-
ditionally, @~OP!2Cu# 1 and@Fe-HDFO# 1 detected changes in the
N-terminal domain of CRP upon cAMP binding.

None of the iron–chelate complexes used detected any confor-
mational changes induced by cGMP. Small changes, however, were
detected by@~OP!2Cu# 1, indicating the utility of this protease in
detecting small perturbations in the protein structure. Figure 5D
shows a difference plot illustrating changes in susceptibility of
CRP to cleavage by@~OP!2Cu# 1 upon binding cGMP. Protections
from cleavage occurred inb-strands 3–7 as well as in the Ca-helix
and interdomain hinge. Binding of cGMP appears to produce struc-
tural changes that abolish cleavage sites for@~OP!2Cu#1 in b-strands
3–7. These regions are part of a nucleotide-bindingb-roll structure
where cGMP could reside in a CRP-cGMP complex. Binding of
cGMP appears to induce structural changes in the C-a helix, re-
ducing its susceptibility to@~OP!2Cu# 1. The central part of the C
a-helix is also involved in binding cyclic nucleotides. Together,
b-strands 3–7 and the Ca-helix could be perturbed directly by
binding of cGMP. The interdomain hinge, which is C-terminal to
the C a-helix, also appears to undergo a structural change that
increases its resistance to cleavage. Alternatively, a cGMP mol-
ecule could also be bound in the C-terminal domain of the protein
and perturb residue 135 in the hinge as cAMP does in a recent
DNA-bound structure of CRP~Passner & Steitz, 1997!. Collec-
tively, changes in susceptibility of CRP upon binding cGMP indi-
cate that this cyclic nucleotide perturbs theb-roll structure and C
a-helix, where it binds as well as the interdomain hinge where
allosteric change or direct binding may occur. From an X-ray–
derived structure of CRP-cAMP, parts ofb-strands 6 and 7 interact
with the ribose moiety, while parts of the Ca-helix interact with
the adenine moiety~Weber & Steitz, 1987!. Both cyclic nucleo-
tides used have ribose moieties; however, the purine bases differ.
The differences between changes in susceptibility of the Ca-helix
to cleavage in the presence of each cyclic nucleotide suggests that
the interaction between the Ca-helix and purine moiety may be
important in effecting the initial conformational change.

Results from proteolysis by@Fe-DTPA# 22, @Fe-EDDA# de-
scribed in this paper, and@Fe-EDTA# 2 ~Baichoo & Heyduk, 1997!
were very similar. This indicates that proteolysis by these iron–
chelate complexes is independent of their charge, as would be
expected for cleavage by diffusible hydroxyl radicals. Previous
studies have shown that proteolysis by@Fe-EDTA# 2 is determined
primarily by solvent accessibility~Ermacora et al., 1994!. Thus, in
protein footprinting experiments performed using these chelates,
any changes in susceptibility to proteolysis will most likely di-
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rectly reflect changes in a local solvent accessibility. Results ob-
tained with @Fe-HDFO# 1 and with @~OP!2Cu# 1 showed that in
addition to cAMP-induced changes observed using@Fe-DTPA# 22,
@Fe-EDDA#, and@Fe-EDTA# 2, other regions of CRP were found
to be affected by cAMP.@Fe-HDFO# 1 and@~OP!2Cu# 1 share sev-
eral physicochemical properties that differentiate them from the
remaining chelates studied in this paper. Both@Fe-HDFO# 1 and
@~OP!2Cu# 1 are positively charged, are larger in size compared to
chelates from EDTA family, and the mechanism of proteolysis by
these chelates may also be different from the chelates from EDTA
family. Electrochemical studies have demonstrated that although
@Fe-HDFO# 1 can generate hydroxyl radicals~Borg & Schaich,
1986!, the cycling of Fe31 to Fe21, which is necessary to perpet-
uate the reaction, is decreased when ascorbate is used as a reducing
agent due to the high affinity of DFO for Fe31 ~Borg & Schaich,
1984!. @~OP!2Cu# 1-mediated proteolysis was proposed to act
through a copper-oxo intermediate~Bateman et al., 1985; Wu
et al., 1995; Gallagher et al., 1998!. @~OP!2Cu# 1 has been used
extensively as a nuclease and binds to specific sites on DNA~Schaef-
fer et al., 1996!. @~OP!2Cu# 1 may also preferentially bind to par-
ticular sites on proteins. The observation of highly preferred sites
in CRP for the cleavage with@~OP!2Cu# 1 is consistent with this
possibility. Positive charge seems to be the least likely reason for
the difference in the results obtained with@~OP!2Cu# 1, @Fe-
HDFO# 1, and iron-chelates from the EDTA family because within
the EDTA family the charge of the chelate was apparently not very
important. The larger size of@~OP!2Cu# 1 and@Fe-HDFO# 1 could
result in detecting more global conformational changes, which
would not produce significant changes in the local solvent acces-
sibility, and thus would remain undetected by EDTA family che-
lates. A rigid domain movement could be an example of such
conformational change. Similarly, the ability of@~OP!2Cu# 1 to
bind to macromolecule before the cleavage could also result in an
increased sensitivity of this protease to small changes of the pro-
tein surface that would not result in significant changes in solvent
accessibility and, thus, would escape detection by EDTA family
chelates.

In summary, the results described here provide a detailed map
of regions of CRP affected by binding of cyclic nucleotides.
Also our results show that combined use of proteases of differ-
ent size, charge, and hydrophobicity for protein footprinting gives
a more complete picture of structural changes than any single
protease alone.

Materials and methods

Materials

HMPK-CRP-His6 was over expressed, purified, and shown to be
as active as wt CRP in binding cAMP, DNA sequences, and RNA
polymerase, as described previously~Baichoo & Heyduk, 1997!.
Desferrioxamine mesylate and DTPA were from Sigma~St. Louis,
Missouri!. EDDA was from Fluka~Buchs, Switzerland!. Cupric
sulfate pentahydrate,o-phenanthroline monohydrate, 3-mercapto-
propionic acid, and neocuproine all were from Fluka. Hydrogen
peroxide~30% wt! and ammonium iron~II ! sulfate hexahydrate
were from Aldrich ~Milwaukee, Wisconsin!. Nickel~II !-NTA-
agarose was from Qiagen~Chatsworth, California!. Gamma33P-
ATP was from Andotek~Irvine, California!. All other reagents
were from Sigma.

Phosphorylation of HMPK-CRP-His6

HMPK-CRP-His6 was labeled with33P in a reaction mixture
containing 38mM CRP derivative, 500 U of bovine heart muscle
cAMP-dependent protein kinase catalytic subunit, 0.27mM
@g33P#ATP ~250 mCi!, 30 mM MgCl2, and 66 mM DTT with
20 mM Tris-HCl ~pH 7.5!, 100 mM NaCl buffer to a final volume
of 300 mL. The reaction was carried out for 1 h at 378C, after
which 40 mL of Ni 21–NTA–agarose suspension was added. The
reaction was incubated at room temperature for 15 min with gentle
shaking, after which it was centrifuged~2 min at 1,0003 g, 48C!
and the supernatant discarded. The Ni21–NTA–agarose bead pellet
was resuspended in 20 mM Tris-HCl~pH 7.5!, 100 mM NaCl
buffer ~200 mL!. After washing the pellet twice in buffer, the
33P-labeled HMPK-CRP-His6 was eluted by suspending the Ni21–
NTA–agarose beads in 20 mM Tris-HCl~pH 7.5!, 100 mM NaCl,
0.5 M imidazole buffer~200 mL! with gentle shaking at room
temperature for 15 min. The resulting suspension was centrifuged
~2 min at 1,0003 g, 48C!, and the supernatant was collected and
dialyzed overnight at 48C against 10 mM MOPS-NaOH~pH 7.2!,
250 mM NaCl, and 10 mM MgCl2, and stored at 48C.

[Fe-DTPA]22, [Fe-EDDA], and [Fe-HDFO]1

footprinting reactions

Reaction mixtures contained 4–9mM CRP# dimer, 1.3 mM che-
late, 0.6 mM ~NH4!FeII ~SO4!2, 1 mM H2O2, 20 mM sodium
ascorbate, and 10 mM MOPS-NaOH~pH 7.2!, 250 mM NaCl,
10 mM MgCl2 buffer to a final volume of 10mL. When present,
cAMP and cGMP were at 400mM. Each chelate was prepared as
a 40 mM stock solution~pH adjusted to 7.2 by NaOH! and stored
at 2208C. All other reagents were prepared immediately prior to
use. Reactions were started by simultaneous addition of chelate
and ~NH4!FeII ~SO4!2 @as a freshly prepared 13.3 mM chelate–
6.6 mM ~NH4!FeII ~SO4!2 mixture#, H2O2, and sodium ascorbate.
Reactions were terminated after 40 min by the addition of 5mL of
33 sample buffer@150 mM Tris-HCl~pH 7.9!, 36% glycerol, 12%
SDS, 6%b-mercaptoethanol, and 0.01% bromophenol blue#.

[(OP)2Cu] 1 footprinting reactions

Stock solutions of 0.1 M CuSO4, 0.4 M o-phenanthroline~OP! ~in
ethanol!, 0.058 M 3-mercaptoproprionic acid~MPA!, and 40 mM
neocuproine~in ethanol! were all prepared just prior to use. Stock
solutions of@~OP!2Cu# 1 were prepared at 150mM CuSO4 and
2 mM OP, respectively. Reaction mixtures~7 mL! contained
5–10 mM CRP# dimer, 400mM cAMP, or cGMP when present.
Reactions were brought to final volume by 10 mM MOPS-NaOH
~pH 7.2!, 250 mM NaCl, and 10 mM MgCl2. Cleavage was initi-
ated by addition of aqueous~OP!2Cu1 and MPA resulting in final
concentrations of 6.0mM Cu21, 77 mM OP, and 2.26 mM MPA.
Reactions using 5-, 10-, and 25-fold increases in concentrations of
OP and CuSO4 yielded identical results that were incorporated into
the data set for subsequent analyses. Reactions were allowed to
proceed for 30 min at room temperature, after which they were
stopped by adding neocuproine to a final concentration of 1.6 mM.
Seven microliters of 33 sample buffer@150 mM Tris-HCl ~pH
7.9!, 36% glycerol, 12% SDS, 6%b-mercaptoethanol, and 0.01%
bromophenol blue# were then added. For all proteases used, cleav-
age products were resolved on 16 cm3 14 cm3 0.75 mm tricine-
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SDS–polyacrylamide gels~Schagger & von Jagow, 1987; Heyduk
& Heyduk, 1994!. Gels were dried, and their digital images were
obtained with a Molecular Dynamics Model 425B Phosphor-
imager. Molecular weight markers and assignment of cleavage
sites were performed as described previously~Baichoo & Heyduk,
1997.!

Data analysis

Data were analyzed as described previously~Heyduk et al., 1996!.
In short, full-width scanning of each lane yielded phosphorimager
intensities plotted vs. electrophoretic mobility using ImageQuant
~Molecular Dynamics, Sunnyvale, California!. Intensity plots were
aligned to correct for smiling or frowning of bands between lanes
using ALIGN @available on request; written in BASIC and running
under LabWindows~National Instruments!#. After alignment,
intensity plots were imported into SigmaPlot~Jandel Scientific,
Austin, Texas!, where correction for gel-loading efficiencies, trans-
formation of electrophoretic mobility of fragments to positions of
amino acid residues, and preparation of difference plots were per-
formed using routines written in SigmaPlot transform language
~available on request!. After analysis, data were presented as a
difference plot that shows~I 2 ICRP#!0I whereI is the corrected
Phosphorimager intensity for the complex under study, andICRP#is
the corrected Phosphorimager intensity for uncomplexed CRP#.
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