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ABSTRACT. We investigated the characteristics of 13 CRP variants having cysteine substituted at positions
113, 115, 116, 117, 118, 120, 122, 124, 126, 127, 129, 130, or 131, positions that span the length of the
CRP Ca-helix. Under reducing conditions, the WT and all Cys-substituted forms of CRP migrated as
23.5 kDa CRP monomer species on SEFAGE gels. In the absence of a reductant, 9 of 13 Cys-substituted
forms of CRP including the L113C, S117C, M120C, L124C, V126C, T127C, E129C, K130C, and V131C
CRP contained protein that migrated as 47 kDa CRP dimer species onFSASE gels. CNBr digestion

of the protein preparations followed by MALDI-TOF MS analysis of the peptide fragments showed these
47 kDa species to be CRP dimers that originated from disulfide bonds formed between positional-pair C
o-helix Cys residues. The ratio of monomer CRP and disulfide cross-linked CRP within a Cys-substituted
CRP preparation was found to be independent of cAMP for Cys-substituted CRP preparations denatured
and renatured in the presence of various cCAMP concentrations. This finding suggests that there is no
large-scale concerted motion (i.e., scissoring) of the CRP subunits in response to cAMP binding. In addition,
we have identified three amino acid residues located along the GirRelix that play a role in facilitating

the conformation transition of the CRP hinge from that characteristic of apo-CRP to that characteristic of
the CRPCAMP complex.

Cyclic 3,5-adenosine monophosphate (CAMPlays an tains threex-helices (designated A, B, and C) and extensive
important role in regulating the activity of nearly 200 genes [-sheet structure which folds to form a high-affinity cAMP
in Escherichia coli(1). The effects of cAMP are mediated binding pocket. The smaller carboxyl-proximal domain is
through its binding to and allosteric modification of the composed principally of three-helices (designated D, E,
cAMP receptor protein (CRP2). CRP is a 47238 Dadimer and F), two of which, the E and F helices, form the DNA
composed of identical 209 amino acid subunits, each of binding surface of CRP. In addition, the carboxyl-proximal
which can bind cAMP 3—7). At micromolar concentrations, domain contains a second, low-affinity, CAMP binding site.
CAMP binding produces conformational changes in CRP that  Recent evidence shows that the identical high-affinity sites
result in a modest increase in CRP subunit stability, affect fill in the micromolar range of cAMP, exhibit positive
the susceptibility of CRP hinge region peptide bonds to cooperativity in cAMP binding, and have binding constant
protease, introduce CRP site-specific DNA binding, and values of approximately 1x 10F and 2 x 106 M1
promote CRP interaction with RNA polymerase (RNAB)-(  respectively 16, 17). The low-affinity sites fill in the
13). millimolar range of cAMP 6, 17). The structural changes

The cyclic AMPCRP complex structure (i.e., Igén) has induced in CRP upon binding cAMP include changes in the
been determined from the analysis of X-ray data derived from cyclic nucleotide binding domain, the DNA binding domain,
CRP crystals grown in the presence of cAMR,(15). Each and the interdomain hinge region and in regions involved in
CRP subunit folds into two domains connected by a short, CRP intersubunit interactiorl8—20).
random-coil hinge. The large amino-proximal domain con- Many of the subunitsubunit contacts in the CRP dimer
occur between the two large domains via the two 24-residue

This work was funded by the Robert A. Welch Foundation (Grant C a-helices that extend the full length of the large N-
D-1248) and through seed grants from the Texas Tech University proximal domains. The helices are packed with an interhelical
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the CRP hinge conformation in the absence of effector and were cultured as described by Belduz et 8b)( Samples
in stabilizing the apo-CRP structur@2). Mutations that were assayed fgi-galactosidase activity according to Miller
eliminate the T127 methyl, hydroxyl, or both produced CRP (26).
mutants that showed either no or limited transcription CRP Isolation CRP was prepared using standard ion-
activation activity in the presence of cAMBZ). One mutant, exchange chromatography techniques. CRP induction, extract
the T127C CRP, was shown to establish an intermolecular preparation, and purification over Bio-Rex 70 resin were
disulfide cross-link between CRP subunits and was fully carried out as described by Harman et aB)(
functional in the presence of cCAMP. If a subunit scissoring  Protein PreparationAliquots of WT and Cys-substituted
motion is involved in CRP activation, the fact that T127C forms of CRP contained in SPECTRA/POR RC Sterile
CRP was fully functional and cross-linked suggests that DispoDialyzer tubes (MWCO: 15000) were dialyzed against
position 127 provides a pivot point for this subunit realign- 20 volumes of low salt buffer (LSB) that contaah® M urea
ment. It is this predicted motion in CRP that is the focus of and 10 mMg-mercaptoethano3¢ME) for 6 h. The dialysis
the work reported here. buffer was replaced, and dialysis was continued an additional
We have monitored reorientation of the dGhelices in 6 h. The protein samples were divided into three aliquots
CRP through the ability of positional-pair cysteine residues and dialyzed fo6 h against 20 volumes of LSB containing
to form disulfide bonds in apo-CRP, in the CREAMP), 5 M urea, 10 mMB-ME, and either no cAMP (aliquot 1),
complex, and in the CRREAMP), complex. It was expected ~ 504M cAMP (aliquot 2), or 5 mM cAMP (aliquot 3). Protein
that the C helices of CRP would adopt, in the presence of preparation was concluded with dialysis against 20 volumes
millimolar concentrations of cAMP, the orientation observed of LSB that contained the appropriate CAMP concentration
in CRP(CAMP), crystals. In this conformation of CRP, it and lackegB-ME for an additional 6 h. Protein samples were
was predicted that cysteine residues substituted at positionsstored at—80 °C.
113, 114, 117, 120, 121, 123, 124, 127, 128, 130, and 131 CRP Cross-LinkingCRP (5.0ug) prepared as described
will form intermolecular disulfide bonds. Cysteine residues was diluted 1:2 in nonreducing SB$AGE sample buffer.
at positions 115, 116, 118, 119, 122, 125, 126, and 129 wereThe samples were heated to 70 for 3 min and clarified
not expected to form disulfide bonds under these conditions. by centrifugation at room temperature at 10000 rpm for 1
If scissoring of the Ca-helices does result from intercon- min. The proteins were separated on nonreducing2¥o
version of the three forms of CRP, then we predicted that Tris-HCI gels and visualized by staining with acidic Coo-
the distribution of intermolecular disulfide bonds would be massie blue R-250, and the amount of dimer and monomer
cAMP-dependent. In addition, biochemical characterization in each sample was quantitated using a Molecular Dynamics
of Cys-substituted CRP has revealed a pathway for signal300B laser densitometer.
transfer from the cyclic nucleotide binding pocket to the CRP  MALDI-TOF MS.Selected protein samples were diluted

hinge. in 2 volumes of the ionizing matrix that was 10 mg/mL in
sinnapinic acid, 0.3% in TFA, and 50% in acetonitrile.
MATERIALS AND METHODS Aliquots of this mixture were then analyzed using a Voyager

DE MALDI-TOF MS (PerSeptive, Cambridge, MA). Spectra
consisted of 64 single-shot analyses that were averaged for
improved signal-to-noise ratios.

Disulfide MappingPartial CNBr digestion reactions were
performed as described by Matsudai2g)( Reaction mix-
tures contained 30g of CRP in 70% formic acid. Cleavage

Bacterial Strains and Plasmid&scherichia coliCA8445/
pRK248 @3) was used as host strain for recombinarp
plasmids. Plasmid pRK2481¢l", tet) (24) encodes a
thermolabileicl repressor used to control th&. promoter.
Plasmid pLEX (Invitrogen) was used for high-level WT and

mutant CRP expression. Plasmid pHAS) @nd its C-helix o4 0tions were initiated by the addition of 3@ of 5 M

Cys-substituted CRP derivatives were used 10 assess the;npgy gissolved in acetonitrile. The reactions were incubated
effect of amino acid substitutions on CRP efficacy in i, ye gark at 23C for 2 h and terminated by the addition
stimulatinglacP activity in vitro. of 1.0 mL of H;O. Lyophilized peptides were resuspended
Enzymes and Other MaterialRestriction enzymes were  in H,0 and dialyzed against 1000 volumes ofCHusing
obtained from New England Biolabs. Shrimp alkaline gpecTRA/POR Molecular porous membrane tubing
phosphatase, phenylmethanesulfonyl fluoride (PMSF), and(cho: 1000). The peptides were again lyophilized and
isopropy! thiog-p-galactopyranoside (IPTG) were purchased dissolved in 20.0uL of H,O prior to MALDI-TOF MS
from United States Biochemical Corp. Cyclic AMP and analysis.
subtilisin BPN (type XXVII, 7.9 units/mg) were purchased Protease Probe of CRP Structur®rotease digestion
from Sigma Chemical Co. Precast-120% polyacrylamide  reactions containing 2@g of CRP and, where indicated,
gels were purchased from Bio-Rad Laboratories. DNA ~AMP were run at 23C in a volume of 4QuL in NP buffer
isolation kits were purchased from Qiagen and from Prome- hat was 100 mM in NaCl as described previoushp)(
ga. Synthetic oligonucleotides were synthesized by the TeanPeptides were resolved on 1R0% gradient polyacryla-
Tech University Biotechnology Institute Core Facility. Com-  mide—SDS gels, visualized by staining with acidic Coo-
mon salts and buffers were of reagent grade or better. massie blue R-250, and quantitated using a Molecular
Site-Directed Mutagenesis of CRPouble-stranded plas-  Dynamics 300B laser densitometer.
mid DNA was mutagenized using the Quick-Change PCR  Cyclic AMP Binding AssayFluorescence titration experi-
protocol (Stratagene) coupled with the mutagenic oligonu- ments were conducted at room temperature on protein
ceotide pairs listed in Supporting Information, Table 1. samples that had been dialyzed against 50 mM Tris-HCI (pH
Assay ofp-GalactosidaseCA8445/pRK248 cells harbor-  7.8), 0.1 M KCI, and 1.0 mM EDTA. All fluorescence
ing pHA7 or its C-helix Cys-substituted CRP derivatives measurements were performed on a SLM 4800C spectro-
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Ficure 1. SDS-PAGE of WT CRP and Cys-substituted forms of CRP prepared as described in Materials and Methods. The position of
Cys substitution is shown above each lane. Panel A: -SBYSGE run in the presence of reducing agent. Panel B: -SBYSGE run in the
absence of reducing agent.

fluorometer. The binding of cCAMP to ANS-CRP was studied S-mercaptoethanol were renatured either in the absence of
by the sequential addition of-21.5 uL volumes of concen-  cAMP, in the presence of 50M cAMP, or in the presence
trated CAMP to a 1.0 mL solution of CRP (5/M) that of 5 mM cAMP. Samples of the WT and Cys-substituted
contained 1%M ANS. The excitation and emission wave- CRP prepared for SDSPAGE underreducing conditions
lengths were set at 350 and 480 nm, respectively. The datawvere shown to contain a single protein species that migrated
were corrected for the fluorescence of free ANS in CAMP as a 23.5 kDa CRP monomer band (Figure 1, panel A).
titration experiments where CRP was omitted from the buffer Protein samples prepared for SBBAGE undemonreduc-
solution. ANS cAMP titration data, where two components ing conditions produced varied results (Figure 1, panel B).
were evident in the cAMP binding isotherm, were analyzed Renatured in the absence or in the presence of cCAMP, WT
according to the two-component model of Heyduk and Lee CRP preparations did not form intermolecular disulfide bonds
(7), which provides an accurate measure of the associationgs evidenced by the absence of 47 kDa bands in nonreducing
constant valu&$o"™ (17). SDS-PAGE gels (Figure 1, panel B, lane 1). In contrast,
RESULTS several of the Cys-substituted CRP preparations contained
a 47 kDa protein species on SBBAGE gels run under
Disulfide bonds can form between Cys residues if the nonreducing conditions (Figure 1, panel B, lanesla).
a-carbon atoms are within49 A and the polypeptide  pensitometry traces of individual lanes were used to quantify
backbones are oriented to allow nearly direct approach of the amount of disulfide cross-linked dimer present in each
the Cys side chains26-30). We have monitored the  CcRp population. The results of this analysis show that a 47
formation of positional-pair disulfide bonds between subunits kpa species made up 85% of the L113C CRP preparation,
in Cys-substituted CRP to assess the relative orientations 0f4o of the S117C CRP preparation, 46% of the M120C CRP
the Ca-helices for CRP exposed to different concentrations preparation, 73% of the L124C CRP preparation, 17% of
of cAMP. We previously found that the T127C CRP disulfide ho \v126C CRP preparation, 76% of the T127C CRP
bond, located at the CRP subunit interface, was acceSSiblepreparation, 54% of the E129C CRP preparation, 17% of
to solvent only under denaturing conditior&l). With this the K130C CRP preparation, and 13% of the V131C CRP

in r:t:ind, along Wicgt:\]/le fact that CRP:]S rev::rs(;bly ienattL;]red preparation. S117C CRP, a Cys-substituted CRP that we had
{/T/T SFS;esegcg butr'?at Qd),fwe c ?SC?RS ega ured € predicted would form intermolecular disulfide bonds at
and Lys-substituted forms o under reducing \iimolar concentrations of cAMP, did not form cross-

conditions, introduce cAMP, and, through buffer exchange, linked CRP dimers at 5 mM cAMP and only showed 4%

renature the proteins in the presence of cAMP under . I .
conditions where both the denaturant and the reductant weredlmer formation in the absence of cAMP and in the presence

dialyzed out of solution. In developing this strategy to probe of bS?'tﬂth ?{AMP' }/ézF?gﬂ?ntd Eth%C C(I;Pt, ctjwo %’S' i
concerted CRP subunit motion in response to CAMP binding,?u stitute T)rm? or ¢ ifi at we ha p”r.e I(I:e would no
we made the following assumptions: first, that apo-CRP and orm Intermolecular d|s_u ide bonds at millimolar concentra-
the CRP(CAMP), complex maintain a C-helix structure tions of CAMP, contained measurable amounts of cross-
similar to that observed in the CRRAMP), complex (L4, linked CRP dimer at all three concentrations of CAMP.
15); second, that cAMP-mediated change in CRP conforma- The data obtained for CRP renatured in the absence of
tion includes reorientation of the C-helices; third, that a CAMP and in the presence of %M cAMP or 5 mM cAMP
concerted reorientation of the C-helices in response to cAMP are summarized in Figure 2. We observed no significant
is sufficiently large to affect disulfide bond formation difference in the distribution of disulfide cross-linked CRP
between positional-pair Cys residues. subunits for any given CRP preparation when assayed in the
Aliquots of WT and Cys-substituted forms of CRP absence of cCAMP or in the presence of either micromolar
denatured in buffer solution that contaih® M urea and or millimolar concentrations of cAMP.
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Ficure 4: MALDI-TOF spectrum of CNBr-generated CRP pep-
tides. The spectra were calibrated using ACTH {¥) and insulin
as internal mass standards. Thig numbers 2215.5, 2910.1, 3992.1,
6270.9, and 6676.1 correspond to CRP peptides L190-R209, Q164-
M189, A121-M157, 160-M114, and V1-M59, respectively. Panel

Mis7 A: CNBr-digested WT CRP. Panel B: CNBr-digested L113C CRP.
| s— M189 The m/z peak at 12521.5 is a dimer of the 160-M114 peak and is
MI120 -|_ _I diagnostic of position Cys 113 disulfide cross-linked peptides. There
MGz — is a minor diagnostic peak atvz 13211.2 that corresponds to

disulfide cross-linked 160-M114 and 160-M120 peptides (calculated

Ficure 3: CRP ribbon structure generated from 1gn6 coordinates. miz of 13208.4).

The locations of naturally occurring Cys residues C18, C92, and
C178 in WT CRP are identified by space-filled representations of N o . ) )
the Cys side chains (yellow). The &helix, including positions as positional-pair disulfides. Partial digestion of CRP by

113 through 131, is shown in a space-filled representation of residue CNBr treatment was followed by MALDI-TOF MS analysis

side chains (red). Cyclic AMP is presented in CPK colors. Complete of the peptide fragments. The molecular masses of the CRP
CNBr cleavage of WT CRP generates seven fragments shown in a . h ith th f .
linear primary sequence representation. Met residue locations arePeptides were then compared with the masses of peptides

indicated. predicted from the analysis of the CRP primary structure.
Covalent cross-linking of peptides produced unique and
predictable molecular mass species allowing for the identi-
fication of those regions in CRP that contain the participant
unequivocally identified by MALDI-TOF MS under the cross-linked amino acid residues. The results of the disulfide

conditions used in this study (Figure 3). The results of the mapping experiments are summarized below.

SDS-PAGE analysis of WT CRP showed that during (1) WT CRP preparations contained CNBr fragments
renaturation CRP monomers do not form disulfide cross- havingm/z peaks at 2214.7, 2909.3, 3991.2, 6269.5, and
linked CRP monomers whereas several C-helix Cys- 6676.1. These peaks correspond to CRP peptides L190
substituted forms of CRP do produce, in a position-dependentthrough R209, Q164 through M189, A121 through M157,
manner, protein populations that contain disulfide cross- 160 through M114, and V1 through M59, respectively.
linked dimers. Disulfide mapping experiments were con- Neither the predicted 608.7 Da peptide, composed of T158
ducted to determine the location of the cysteine residuesthrough M163, nor the 656.8 Da peptide composed of R115
participating in the intermolecular disulfide cross-links to through M120, was identified in these studies (Figure 4, panel
confirm the identity of these disulfide cross-linked species A).

The WT CRP monomer contains Cys residues at positions
18, 92, and 178. Subjected to CNBr-mediated cleavage, WT
CRP vyields seven peptide fragments, five of which were
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(2) L113C CRP preparations contained CNBr fragments A 20

having m/z peaks at 2214.6, 2908.9, 3989.6, 6262.2, and
6681.7 and a uniquevz peak at 12509.3. The 12509.3 peak
is diagnostic for the dimer 160 through M114 peptide formed 0
WT 113 115 116 117 118 120 122 124 126 127 129 130 131

as the result of positional-pair Cys113 cross linking (Figure
4, panel B).

(3) S117C CRP preparations, which showed minimal 73 B
disulfide cross-linking, contained CNBr fragments having g\_ 0
m/z peaks at 2214.5, 2910.5, 3991.1, 6268.9, and 6676.0.

(4) M120C CRP preparations contained CNBr fragments &= 100
havingm/z peaks at 2214.5, 2909.3, 6271.0, and 6677.1 and-E
uniguen/z peaks at 4649.8 and 9295.6. The 4649.8 peak is @
consistent with the substitution of Met120 by Cys creating < 0
a unique peptide of residues R115 through M157 with a 3
predicted mass of 4651.1. Th#z 9295.6 peak results from _g 60
Cys120 positional-pair disulfide bond dimerization of peptide <3
R115 through M157. S 0l

(5) L124C, V126C, T127C, and E129C CRP preparations g
contained CNBr fragments having/z peaks at 2214.6 =
0.02%, 2909.4+ 0.08%, 3993.Gt 1.8%, 6270.G+ 0.04%, &) 2
and 6677.8+ 0.07% and a unique peak at 798@:00.9%. A
The m/z 7980.0+ 0.9% peaks are the predicted mass of

A121 through M157 fragment dimers and diagnostic of an

intermolecular cross-link involving Cys124, Cys126, Cys127,

or Cys129 positional-pair disulfide bonds. C
(6) K130C CRP and V131C CRP preparations contained

CNBr fragments havingvz peaks at 2214.5 0.9%, 2908.4

+ 0.03%, 4042.°# 0.04%, 6269.7 0.00%, and 6677.68- 2

0.00%. In addition, partial digestion peaks corresponding to

fragment R115 through M157 cross-linked to fragment R115

‘l:\qu%%gh M16|_3 (I?/sttBlfSi 006:/0R),11Iggthment ﬁﬂfﬁ;g;ough WT 113 115 116 117 118 120 122 124 126 127 129 130 131

cross-inked 1o fragmen roug - FiIGURE 5: fB-Galactosidase activity in cells that contained the WT

9207.8+ 0.02%), and fragment R115 through M157 cross- o Cys-sugstituted forms of CRPYThe amounfBedalactosidase

linked to fragment A121 through M189n(z = 11513.2+ measured in each culture is shown as a percent of the amount of

0.01%). All three peaks are diagnostic for an intermolecular S-galactosidase measured in cells that contained WT CRP and

cross-link involving Cys130 positional-pair disulfide bonds grcct’i"\yirt‘;r:ntgggs(fir‘ncfhce’fgbgg:]'\cf'ecé'v'cim P;”g;%fgggﬁgﬂ%?e
as well as Cys131 positional-pair disulfide bonds. dase activity measured in the presence of 5.0 mM cAMP. Panel C:

It is clear from the results of MALDI-TOF MS analysis  g.Galactosidase activity measured in the presence of 5.0 mM
of the CNBr-generated peptides from the cross-linked CRP cGMP.

species that cross-linking resulted from positional-pair di-
sulfide bond formation. Cells that contained either the WT CRP or a Cys-substituted

The effects of Ca-helix Cys substitutions on CRP  CRP, with the exception of T127C CRP, cultured in the
structure and function were evaluated (a) through in vivo presence of cGMP synthesized near-basal levefsglac-
assay of f-galactosidase induction to quantitate CRP- tosidase activity (Figure 5, panel C). T127C CRP has
mediated lactose operon promotdacP) activation, (b) previously been shown to have relaxed effector specificity,
through measurement of CRIAMP binding parameters, and  being activated by cGMP as well as cAMBZ|.

(c) through a protease probe to monitor CRP hinge response The apparent association constants for CAMP binding to
to CAMP binding. WT CRP exhibit values that range from 3x010* to 30 x

Cultures of CA8445 that contained either WT or a Cys- 10* M~* for KM (6, 7, 16, 17, 31). We have utilized
substituted CRP grown in the absence of cAMP synthesizedANS-CRP fluorescence intensity changes as a function of
basal levels oB-galactosidase (Figure 5, panel A). Cells that CAMP concentration to measure cAMP binding and fitted
contained a Cys-substituted CRP synthesjzggilactosidase  the data to the two-site model to determine the effects of
at levels that were between 60% to 113% of those observedC-helix Cys substitutions on CRP affinity for cAMP (Figure
in cells that contained the WT CRP when grown in the 6). K{¥** values for WT CRP and the S117C, A118C,
presence of 5 mM cAMP, with the exception of the L124C, M120C, R122C, L124C, Q129C, and K130C forms of CRP
E129C, and K130C CRP (Figure 5, panel B). Cells that were calculated to be 3.& 1P, 1.7 x 10, 0.9 x 10°, 2.3
contained the L124C, E129C, or K130C CRP synthesized x 1P, 1.3 x 1, 0.2x 1, 0.7 x 1, and 0.7x 10° M1,
levels of 5-galactosidase that were 31%, 41%, and 5% of respectively (Figure 6). These values vary from that measured
the level measured in cultures of WT CRP, respectively. The for the WT CRP by factors of 1:315.5 with the largest
effects of cyclic 35-guanosine monophosphate (cGMP) variation observed for the L124C CRP.
addition to the culture medium was measured to assess the Protease digestion reactions have been utilized to probe
effect of amino acid substitutions on CRP effector specificity. structural changes that occur in CRP upon binding of cAMP

WT 113 115 116 117 118 120 122 124 126 127 129 130 131

40

0
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= FIGURE 7: WT CRP response to protease. WT CRP was incubated
0.2 1 with subtilisin in the absence of CAMP (lane 2), in the presence of
50 uM cAMP (lane 3), and in the presence of 20 mM cAMP (lane
o1 1 4). Lane 1 is WT CRP in the absence of subtilisin.
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01 | Ficure 8: Cys-substituted CRP response to protease. WT and Cys-
’ substituted forms of CRP were with subtilisin in the presence or
0.0 . absence of cAMP. Allele designations followed by a plus sigh (
g 6 5 " 3 2 1 indicate reactions that contained BBl cAMP. Lanes are labeled

by the position of Cys substitution. MWs labeled lanes contain a
Log [cAMP] molecular mass standard mixture of proteins that were 66, 45, 21,

FIGURE 6: Binding of CAMP to WT and Cys-substituted forms of 184, and 14.3 kDa.

CRP. Fluorescence intensity of ANSRP complexes was measured

a?»?ftingiloln?gf gél;)/ll(’ ConCentlrati)orklplgréelcgp\é\cl)g eCanIZ )EglscisgﬂdThe CRP(cAMP); complex predominates at millimolar
circies), open circles), y i i it

M120C CRP (open triangles). Panel B: WT CRP (closed circles), g(i)ncc-:;!’]trattkl‘ons. OIhCACMRP ZT\?PIS less lsens||:'['|ve t07p|rotease
R122C CRP (open inverted triangles), and L124C CRP (open ¢'9€stion thanistne ® )2 complex (Figure 7, lane
circles). Panel C: WT CRP (closed circles), Q129C CRP (open 4). Thea-core fragment composed of residues V2 through
boxes), and K130C CRP (open triangles). The data were fit to the 116 to 130 generated by the digestion of WT CRP with
two-component model of Heyduk and Leg.(Each data pointis  protease in the presence of micromolar concentrations of
the average of three independent experiments. cAMP remains resistant to further proteolysis as long as
(32). A minimum of three different conformational states of CcAMP remains boundl(). Protease digestion reactions were
WT CRP have been shown exist on the basis of varying used to monitor conformational changes in the CRP structure
sensitivity to proteases (). Apo-CRP is protease resistant as a result of CAMP binding.

(Figure 7, lane 2); the CRRAMP), complex that predomi- Each CRP population displayed a unique monocnagmer
nates at micromolar concentrations of cAMP is protease distribution on SDSPAGE gels (Figure 8). Ignoring the
sensitive and in the presence of protease generates dalifferences in CRP masses due to disulfide cross-linking of
protease-resistant-core CRP fragment (Figure 7, lane 3). CRP or CRP core fragment subunits, each CRP sample fell
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into one of four general classes of response to the protease shinge
subtilisin. The first class, represented by the WT CRP, was A
resistant to protease in the absence of cAMP and digested ' ‘ '
to a stablex-core fragment in the presence of &8 cAMP. 4
The Cys-substituted CRP that fit into this response class
included the L113C CRP, L117C CRP, M120C CRP, V126C
CRP, and T127C CRP (Figure 8). The second class of CRP
response to protease was observed in the R115C CRP,
A118C CRP, and V131C CRP (Figure 8). These proteins
were resistant to protease in the absence of cAMP and
sensitive to protease in the presence ofu0 cAMP but
generated an-core fragment that was degraded by protease
in the presence of CAMP. The third class of protease response
was represented by the L116C CRP and R122C CRP (FigureFicure 9: Ribbon diagram of the CRP @&helix extending through
8). These proteins were sensitive to protease both in themedrfggﬁgb%ngmimg ;fgied 'r\le-Sig)J(ciegla\l}4%0r|t_ig? (Efnsh% n%hﬁ"zﬁ e
i y , ) '
?:tl)?ss nr(;ir?gr?slen tz)h%r?)ttzzzgc\?v;sf gﬁ\x;tzzse?l:)r;hrg!::far?(t?r)ace-fiIled.and colored gray. Residues Q129 and K130 and cAMP
. . e space-filled and shown in CPK colors.
to protease in the absence or in the presence pN60AMP.
This response to protease was exhibited by the L124C CRP, In CRP(cAMP), crystals, Ca-helix residues 127133
E129C CRP, and K130C CRP (Figure 8). are organized as part of anhelix whereas residues 134
139 form the flexible hinge connecting the two domains of

DISCUSSION a CRP subunit (Figure 9). There is low-resolution apo-CRP

The results of CRP cross-linking experiments reported here NMR data that suggest an alternative structure for the
demonstrate that several C-helix positions, when substitutedC-proximal region of the C helix beyond position 127 and
with the amino acid Cys, predictably promote the formation extending into the CRP hing2@). These NMR data indicate
of positional-pair disulfide bonds to produce subunit cross- that residues 134139 organize as am-helix structure
linked forms of CRP. Significant changes in the percent whereas C helix residues 127133 do not. If these differ-
cross-linked CRP dimer were not observed under conditionsences in fine structure are real, they may account for the
where the apo-CRP, the CRPAMP),, or the CRF(CAMP), differences between our initial predictions based on crystal
conformer was expected to predominate in solution. This structure analysis and the results of the solution-based
leads us to conclude that the CRRx@elices do not undergo  experiments reported here.
a measurable concerted motion in response to CAMP binding In 1g6n, the region between positions 127 and 135 has a
and in the process of CRP activation. pattern of hydrogen-bonding interactions that include the

On the basis of analysis of the CREAMP), crystal T127 carbonyl oxygen atom bonding with the amide nitrogen
structure, we predicted that, in the presence of millimolar atom of V131, the S128 carbonyl oxygen atom bonding with
concentrations, cAMP CRP containing cysteine at positions the amide nitrogen atoms of V131 and G132, the carbonyl
113, 117, 120, 124, 127, 130, and 131 could reasonably beoxygen atom of E129 bonding with the amide nitrogen atoms
expected to form intermolecular disulfide bonds. Conversely, of G132 and N133, the carbonyl oxygen atom of K130
we predicted that under these same conditions CRP containbonding with the amide nitrogen atoms of N133 and L134,
ing cysteine at positions 115, 116, 118, 122, 126, and 129 and the carbonyl oxygen atom of V131 bonding to the amide
was not expected to form intermolecular disulfide bonds. nitrogen atom of A135. These backbone hydrogen-bonding
Experimental results confirmed these predictions for 10 of interactions can reasonably be expected to act in concert to
the 13 positions examined. For CRP containing cysteine atstabilize the CRP Cao-helix/hinge boundary for the
positions 113, 117, 120, 124, 127, 130, and 131 the percentCRP(cAMP), complex. Experimental results from several
cross-linked CRP formed varied widely fromil0% for the studies show that, in the apo-form WT CRP as well as a
S131C CRP te~90% for the T113C CRP. It is interesting series of CRP variants having amino acid substitutions at
that the S117C CRP populations formed only 0% (in the position 127, 128, 129, 130, or 131, the CRP hinge is
absence of cAMP), 3% (in the presence of(8@ cAMP), protease resistant. The WT CRRMP hinge is protease
and 5% (in the presence of 5 mM cAMP) positional-pair sensitive. However, the CREAMP hinge for the variant
disulfide cross-linked species in as much as in the series shows a pattern of responses to protease that is protease
CRP(cAMP), crystal the S11%-carbon distance is 6.03 A sensitive (position 127), protease resistant (positions 128,
with the side chains directed toward one another across thel29, and 130), and protease sensitive (position 131). Com-
dimer axis. For CRP containing Cys at position 115, 116, parison of these CREAMP hinge responses to protease and
118, 122, 126, or 129 our prediction that Cys substitution the backbone hydrogen-bonding pattern interactions for each
would not result in the formation of intermolecular disulfide of these positions strongly suggests that the S128, E129, and
bonds held true for positions 115, 116, 118, and 122. We K130 carbonyl oxygen atom interactions with the G132 and
did, however, observe the formation of positional-pair N133 amide nitrogen atoms are important in the transition
disulfide bonds inr~20% and~65% of the CRP population  of the hinge response to protease from resistant to sensitive
for Cys substitution of CRP positions 126 and 129, respec- and thus in the transition of the apo-CRP hinge structure to
tively. The data suggest that the C-proximal region of the C the CRPcAMP complex hinge structure.
a-helix has a degree of flexibility in solution that is not In the CRP dimer, the amino acid side chain of S128 of
reflected in the CRRcAMP), crystal. CRP subunit A is directed into the cAMP binding pocket of
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CRP subunit B. Originally thought to interact with thé N changes in the percentage of cross-linked CRP dimers under
nitrogen atom of CAMP bound to subunit B, the finding that conditions where the apo-CRP, the CRIAMP),, or the
7-deaza-cAMP is a potent cAMP homologue showed that CRP(cAMP), conformer predominates in solution leads us
this interaction was not important in cAMP-mediated to conclude that the CRP @-helices do not undergo a
CRP. However, substitution of S128 by Ala renders the concerted scissoring motion in response to cAMP binding.
CRPcAMP complex hinge resistant to protea2®)( The A second avenue supported by our data appears to involve,
side chain of E129 is directed toward solvent; substitution minimally, C a-helix residues at positions 124 and 130.
of E129 by Cys renders the CRIAMP complex hinge These two positions, when substituted by Cys, render the
resistant to protease. The side chain of K130 is buried in CRP resistant to protease in the presence of cCAMP and at

the large domain of the CRP subunit such thatdtaemino least partially defective in function aslacP transcription
group of K130 lies within 3.11 A of the L61 carbonyl (Figure factor. The mechanism by which these positions act to
9); substitution of K130 by Cys renders the CRRMP complete at least one avenue of signal transfer from the cyclic

complex resistant to protease. Both the nature and positioningnucleotide binding pocket to the CRP hinge is likely to
of the S128, E129, and K130 side chains are essential to thanclude van der Waals packing and interaction of the K130
hinge conformation transition that CRP undergoes upon side chain with L61.

binding cAMP, presumably by affecting backbone hydrogen-
bonding interactions important to the transition. SUPPORTING INFORMATION AVAILABLE

Studies have shown that the methyl proton resonances of One table listing mutagenic primers used to incorporate
CRP residues V49, L61, L73, and L124 change upon binding base changes itrp. This material is available free of charge
CAMP (33). We have reported that L124 plays a role in via the Internet at http:/pubs.acs.org.
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