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Interaction of CRP L124 with cAMP Affects CRP cAMP Binding Constants,
cAMP Binding Cooperativity, and CRP Allostery
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ABSTRACT: A cyclic nucleotide-binding pocket of the CRP dimer is composed of amino acid residues
contributed by both subunits. Leucine (L) 124 of one subunit packs against the adenine ring of cAMP
bound to the opposing subunit. We have undertaken a study designed to evaluate the role of L124 in CRP
allostery. Wild-type (WT) apo-CRP is a 47 kDa protease-resistant dimer composed of identical subunits
that exhibits a biphasic isotherm in cAMP titration studies. The WT EB&AMP complex is a protease-
sensitive dimer degraded by protease to a dimer core that ranges between 26.5 and 30.5 kDa. Substitution
of L124 with isoleucine (I), valine (V), cysteine (C), or alanine (A) generated a series of CRP variants
that exhibited unique differences in apo-CRP resistance to protease, the mass of the core fragments generated
in protease digestion reactions, cAMP-mediated allostery, and—@€RWFIP complex functionality.
Differences in the affinity of the position 124 CRP variants for CAMP were observed. The binding constants
that drive the formation of the WT and L1241 CRBAMP complexes deviated by not more than a factor

of 1.5. In contrast, the L124V, L124A, and L124C forms of CRP exhibited both a decrs§fd and

an increase®)"" to produce 2.4-, 55-, and 204-fold reductions, respectively, in the difference between
these two parameters compared to that observed for WT CRP. The data indicate that the van der Waals
volume and/or the hyrophobicity of the L124 side chain are important determinants of CRP cAMP binding
properties and affect, either directly or indirectly, cCAMP-mediated conformation changes in CRP.

CRF is a 47 238 Da dimer made up of identical 209- L124 packs against one face of the adenine ring of cCAMP
amino acid residue subunitg,(2). Cyclic AMP interacts (3, 5). During the course of a separate study, L124 was
with amino acids located in the cyclic nucleotide-binding substituted with cysteine (S. R. Tomlinson and J. G. Harman,
pocket of CRP and affects changes in CRP conformation unpublished observations). Cells that contained the L124C
(3). These conformation changes produce a protein that CRP—cAMP complex weakly fermented ribose and lactose.
functions, along with DNA and RNA polymerase, in L124C was found to be cross-linked through a L124C
establishing active ternary transcription complexes at CRP- positional pair disulfide bond, to be insensitive to protease

dependent promoters,(4). in both the absence and presence of cAMP, and to exhibit
Seventeen amino acids lie within 4.5 A of at least one unique cCAMP association constant values. These results led
atom of cAMP bound to either CRP subuni).( Nine us to evaluate the role of L124 in CRP activation. To

hydrophobic and six hydrophilic residues are contributed by establish if the introduction of a disulfide bond or the loss
the cAMP-bound subunit, whereas amino acid residues of side chain volume gave rise to the unique characteristics
leucine (L) 124 and serine (S) 128 are contributed by the of L124C CRP, we substituted L124 with isoleucine (1),
opposing subunit (Figure 1). Several studies have reportedvaline (V), or alanine (A). These amino acid substitutions
the structure and function effects of amino acid substitutions provided side chain volumes that ranged from 140fd¢

at cAMP-binding pocket positions occupied by polar or isoleucine to 67 Afor alanine 6). The results of this study
charged residues in CRP. The effects of amino acid substitu-show that amino acid substitution at position 124 alters CRP
tions at positions that contain hydrophobic amino acid cAMP binding parameters and affects the allosteric response
residues in CRP have not been reported. of CRP to cAMP binding and CRPcAMP complex efficacy

as a transcription factor.
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Chemistry and Biochemistry, Texas Tech University, Lubbock, TX pRK248 (7) were used as host strains for recombim

Zigaga?fgéltﬁ)uhggﬁf (806) 742-1297. Fax: (806) 742-1289. E-mail plasmids. Plasmid pRK248.€l', tef) (8) encodes a ther-

T Abbreviations: cyclic AMP or cAMP, cyclic ‘%-adenosine ~ Molabile Acl repressor used to control thé>. promoter.
monophosphate; CRP, cAMP receptor protdatP, lactose operon  Plasmid pLEX (Invitrogen) was used for high-level wild-

promoter; IPTG,[-p-galactopyranoside; RNAP, RNA polymerase; -
PMSF, phenylmethanesulfonyl fluoride; ANS, 8-anilino-1-naphthal- type (WT), L1241, L124V, L124A, and L124C CRP expres

enesulfonic acid; MALDI-TOF MS, matrix-assisted laser desorption/ sion. Plasmid pHA7 X and .itS crpL124l, crpL124V,
ionization time-of-flight mass spectrometry. crpL124A, orcrpL124C derivative were used to assess the
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or pHA7crpL124C were cultured as described by Belduz et
al. (9). Samples were assayed ff+galactosidase activity
according to the method of Miller1).

CRP Isolation.CRP was prepared using standard ion-
exchange chromatography techniques. CRP induction, extract
preparation, and purification over BioRex 70 resin were
carried out as described by Harman et &). (

Protease Probe of CRP Structur@rotease digestion
reactions were carried out at 2@ in a volume of 4QuL in
NP buffer that was 100 mM in NaCl(). Reaction mixtures
contained 20ug of CRP and, where indicated, cAMP.
Reactions, initiated by the addition of protease, ran for 1 h
and were terminated by the addition of PMSF to a concen-
tration of 5 mM. Peptides were resolved on 10 to 20%
gradient polyacrylamideSDS gels, visualized by staining
with acidic Coomassie blue R-250, and quantitated using a
Molecular Dynamics 300B laser densitometer. Samples were
prepared for N-terminal amino acid sequence analysis by
equilibrating the gels in a 10 mM CAPS buffer (pH 11)
solution that contained 10% methanol and 2 mg/mL dithio-
threitol. The peptides were electrophoretically transferred to
a PVDF membrane. PVDF membranes were stained for 1

= min in a 0.1% solution of Coomassie blue R-250 with 40%
Ficure 1: CRP-(cAMP), structure. The CRP dimer is presented methanol and 1% acetic acid and destained in a 50%
as a strand model. Subunit A is gold. Subunit B is blue. The amino methanol solution. The CRP core fragments were excised

acid residues that make up the cAMP-binding pockets are drawn 5nd analyzed in a Porton model 2020 peptide seguencer
as space-filled molecules; residues 124 and 128 of subunit B are y Pep 9 ’

labeled. The hinge-proximal (circled X) and subunit interface (x) ~ CRP Core Fragment Mass DeterminatioWT, L1241,
protease cleavage sites are indicated. Cyclic AMP is space-filled L124V, and L124A CRP (50ug) were digested with
and shown in CPK colors. This figure was generated from the subtilisin as described above. The reaction mixtures were

coordinates of 1G6N2() using SwissPdbViewer (3.6b2). diluted in 100 volumes of water and concentrated to a final
. . . . volume of 20uL using Centricon centrifugal filters (molec-

Table 1: Oligonucleotide Primers Used fap Mutagenesis ular weight cutoff of 10 000). The samples were then brought
CRP nucleotide sequence to 40 uL with water and diluted with the addition of 2

L124l CAGATGGCGCGTCGTATTCAAGTCACTTCAGAG volumes of an ionizing matrix solution that contained 10 mg/

L124IRC CTCTGAAGTGACTTGAATACGACGCGCCATCTG mL sinapinic acid, 10% trifluoroacetic acid, and 50%
L124v CAGATGGCGCGTCGTGTGCAAGTCACTTCAGAG  gcetonitrile. The samples were analyzed on a PerSeptive
ng\é RC gXgTA(;éé%g%%%gg%ﬁ?g&%ﬂ%i%??é;g;g Biosystem Voyager DE matrix-assisted laser desorption/
L124C RC CTCTGAAGTGACTTGGCAACGACGCGCCATCTG ionization time-of-flight mass spectrometer. Spectra were
L124A  CAGATGGCGCGTCGTGCGCAAGTCACTTCAGAG  Calibrated to cytochrome and lysozyme.

L124ARC CTCTGAAGTGACTTGCGCACGACGCGCCATCTG Cyclic AMP Binding Assayrluorescence titration experi-

ments were conducted at room temperature on protein
effect of amino acid substitutions on CRP efficacy in S&mples that had been dialyzed against 50 mM Tris-HCl (pH
stimulatinglacP activityin uitro. 7.8), 0.1 M KCI, and 1 mM EDTA. Fluorescence measure-
ments were performed and the data analyzed as described
previously (L1).

Enzymes and Other MaterialRestriction enzymes were
obtained from New England Biolabs. Shrimp alkaline
phosphatase, phenylmethanesulfonyl fluoride (PMSF), and RESULTS
isopropyl thiof-p-galactopyranoside (IPTG) were purchased
from United States Biochemical Corp. Cyclic AMP and Changes in the fluorescence intensity of ANGRP
subtilisin BPN (type XXVII, 7.9 units/mg) were purchased complexes measured as a function of cAMP concentration
from Sigma Chemical Co. Precast 10 to 20% polyacrylamide generate a biphasic titration curve that is typically fitted to
gels were purchased from Bio-Rad Laboratories. DNA a two-site model. The apparent association constants for
isolation kits were purchased from Qiagen and from Prome- cAMP binding to WT CRP exhibit values that range from
ga. Synthetic oligonucleotides were synthesized by the Texas3.0 to 30x 10* M1 for Kg’;";"” and from 2.0 to 10x 102
Tech University Biotechnology Institute Core Facility. Com- \-1 for Kgﬁg"PZ (11—-13). The interpretation of these bind-
mon salts and buffers were reagent grade or better. ing isotherms has been that apo-CRP contains two identical

Site-Directed Mutagenesis of cfpouble-stranded plasmid  cAMP binding sites that develop negative cooperativity upon
DNA was mutagenized using the Quick-Change PCR the binding of one cAMP molecule to either site. To
protocol (Stratagene) coupled with the mutagenic oligo- determine the effects of position 124 amino acid substitutions
nuceotide pairs listed in Table 1. on cAMP binding to CRP, we measured ANGRP complex

Assay ofs-GalactosidaseCA8445/pRK248 cells harbor-  fluorescence intensity changes as a function of cAMP
ing pHA7, pHATcrpL124l1, pHATcrpL124V, pHATcrpL124A, concentration and fitted the data to the two-site model.
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Table 2: Cyclic AMP Binding Constants for the WT and Amino gﬁ high-mass
Acid-Substituted Forms of CRP Qe o
CAMP1 CAMP2 CAMP1;,,CAMP2 >; ‘?'. .o l ovcv‘;:"elsass
N o .
CRP Kapp Kapp Kapp "Kapp 7 A é‘ 5% i: v
L1241 4.8x 10 1.3x 10 3700 8
WT 3.1x 10 19x 1% 1600 - S
L124V 2.0x 10° 3.0x 107 670 = S o
L124A 4.2x 10 14x 10° 30 P s
L124c 2310 28> 10 82 = B M
.;
[} &
10° > ;
A 2 =~ ¢

\
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4
N 10 FiGure 3: Densitometer tracings of the protease reaction products
separated on SDSoolyacrylamide gels. The relative intensity of
Coomassie blue staining material is displayed against the migration
10°% distance through the gel. Lanes contained L124] CRP (A), L124V
CRP (B), and L124A CRP (C) in the absence of prote&¥e i
the presence of proteas®)( or in the presence of protease and

102 ' : - — cAMP (x). The baseline values for three data sets were shifted
25 50 75 100 125 150 vertically for clarity of presentation. Arrows highlight the ap-
Volume (ﬁf) proximate mass center of the CRP core populations described in
104 the text as either high-mass or low-mass cores.
B . decrease in negative cooperativity resulted from reciprocal
: effects of the position 124 amino acid side chainkgfy™*
o 10% and KSOMP2,
EQ‘ Apo-CRP and the CRPcCAMP complex are distinguished
102k by their sensitivity to proteasd 2). Apo-CRP is resistant to
$q protease, whereas the CREAMP complex is protease-
) ® sensitive. Subtilisin cleaves the CRBAMP complex to
101} yield a core fragment population composed of proteins whose
N-terminus maps to CRP residue 2 or 4 and whose
C-terminus is located either in the CRP hinge (positions
10;5 50 75 100 125 150 133-141) or in the middle of the C helix (positions 116

Volume (£°) 121) depending on the reaction condi.ti.o_ns and stapility of
Ficure 2: Effects of position 124 nonpolar side chain atom volumes the (-:RP dlmer14’ 15 F|gu_re b -SUbtlh-Sm hydrolysis of
on CRP association constants for CAMP binding. (A) The associa- peptltfje bonds in the Cl:RP Elngelylgldsfhlgh-masﬂ "D"’.‘) h
tion ConstantsK:;’l;/lPl (©) and Kgﬁg"” (®) are plotted against core ragme_nts. Subtilisin hydro ysis 0 pepﬂde bonds_lnt e
nonpolar side chain volumes; the data fit to exponential equations C€ntral portion of the CRP C helix, bonds inaccessible to
having R? values of 0.98 and 0.99, respectively. (B) The ratio of protease in the CRP dimer, yields low-mas48 kDa) core
Kon + to KZM72 are plotted against position 124 nonpolar side fragments.
chain volume. The data fit to an exponential equation having an  The effects of position 124 amino acid substitutions on

R value of 0.99. CRP structure and the response to cAMP allostery were

CalculatedkZY™ values for WT, L1241, L124V, L124A, g?vesi'.gateﬂ n ptroFeﬁ‘se i'%ﬁt'gggeacgiﬂs' Th.et.proiezise

d L124C CRP were 3% 10P, 4.8 x 105, 2.0 x 10P, 4.2 igesion charac’ensics o .+ and tne position 2=+
an 10° and 2.3x 10° M-L resp tivel T bl N Th substituted forms of CRP were unique in most cases. The
x @ cAl\./IPZX , respectively (Table 2). The apo forms of WT CRP (not shown), L1241 CRP (Figure 3),
calculatedKp, = values for WT, L1241, L124V, L124A, 54| 124C CRP (not shown) were all refractory to subtilisin
and L124C CRP were 1.9 1%, 1.3 x 1%, 3.0 x 1% 1.4

* F M- ' i digestion. Incubation of apo-L124| CRP with subtilisin led
x 10°, and 2.8x 10° M™, respectively. A comparison of 14,5 small decrease in the CRP monomer population and the

Keop - andKei'™ values to the volume of the position 124 appearance of a small amount of low-mass core fragments
side chain clearly demonstrates that the side chain hydro-(gigyre 3). We interpret these results to reflect the degree to
phobic atom volume directly correlates wik§, "™ (R2 = which L1241 CRP subunits exchanged during the course of
0.98) and inversely correlates wimgﬁg”” (R? = 0.99) the exposure of L1241 CRP to protease. The incubation of
(Figure 2A). Cooperativity between cAMP binding sites was apo-L124V CRP or apo-L124A CRP with subtilisin led to a
assessed by calculating the ratickfy'"* andK,)"%. Data  greater loss of the CRP monomer and greater production of
presented in Figure 2B illustrate that the decreased side chaifow-mass CRP core populations (Figure 3). To verify the
volume at position 124 was accompanied by decreasedpoint of CRP hydrolysis in these reactions, N-terminal amino
negative cooperativity in cAMP binding. The magnitude of acid sequence and MALDI-TOF analysis was conducted. The
the decrease in cooperativity was 461-fold when comparing results show that the L124V CRP and L124A CRP core
isoleucine to cysteine. Figure 2A demonstrates that this populations contained two predominant N-terminal amino
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Table 3: Summary of N-Terminal Amino Acid and MALDI-TOF 120

Mass Spectral Analysis of the Core Fragments Generated from the

WT and Position 124 Mutant Forms of CRP 100
MALDI-TOF predicted predicted g 80

CRP N-terminus mass (Da) mass (Da) sequence :g
WT not done not digested § *? 60

L1241 notdone not digested Sz

L124V VL/IGKPQTD 13173 13171 G4S5117 = 2 40

13379 13384 VzS117 C-?

L124A VL/GKPQTD unstable, not done ««
L124C not done not digested 20

WT L1241 [L124V |L124A [L124C
CREP allele
FiGUre 4: S-Galactosidase activity in cells containing the WT or
position 124 mutant forms of CRP. CRP was expressed from pHA7
derivatives contained i&. coli strain CA8445/pRK248. Each value

Table 4: Summary of N-Terminal Amino Acid and MALDI-TOF
Mass Spectral Analysis of the Core Fragments Generated from the
WT and Position 124 Mutant Forms of CRP Digested in the
Presence of 9gM cAMP

_ MALDI-TOF predicted  predicted is the mean of at least two independent experiments. Cells were
CRP  N-terminus mass (Da) mass (Da) sequence cultured in the absence of cAMP (white bars), in the presence of
WT VL/GKPQTD 15 050 15 054 G4L134 cAMP at 5 mM (black bars), or in the presence of cGMP at 5 mM
15 264 15 267 V21134 (striped bars). The activity measured in cultures of cells transformed
L1241 VL/GKPQTD 15057 15 054 G4L134 with pHA7 grown in the presence of cAMP was set at 100. The
15 269 15 267 V21134 vertical error bars show one standard deviation.
14 330 14 327 G4T127 . . .
14 543 14539 V2T127 cores generated in L124A CRRAMP complex digestion
L124V VLI/GKPQTD 15049 15041 G4L134 reactions migrate are again consistent with hydrolysis of the
15264 15253 V21134 L124A CRP at C helix positions (Figure 3 and Table 4).
14319 14313 G4T127 The data presented in Figure 3 and Tables 3 and 4 show
14532 14 525 V2T127 ; . : .
13380 13371 G4Q119 that decreasing the side chain hydrophobic atom volume at
13585 13583 V2Q119 position 124 affected the exposure of C helix subtilisin
13178 13171 G4S117 cleavage sites in CRP. In addition, the protease data show
13 380 13384 Vvaslly hat CAMP binding to the L124V CRP pr r
L124A VL/IGKPQTD unstable, not done that cAMP binding to the CRP produced, to a degree,
L124C not done not digested hinge conformation changes similar to those observed for

WT CRP. This was not the case for the L124A CRP where
acid sequences: that predicted for CRP after removal of thewe saw no evidence to suggest the generation of high-mass
N-terminal formylmethionine (VLGKPQTD) and that pre- core fragments in reactions that included the L124A €RP
dicted for CRP after removal of the N-terminal formyl- cAMP complex. Unlike WT CRP, the L124A CRP does not
methionine and residues V1 and L2 (GKPQTD) (Table 3). adopt a protease-sensitive hinge conformation upon binding
This coupled with values for the L124V CRP core fragments cAMP. This interpretation is consistent with the observation
masses enabled us to deduce that this core population washat the L124C CRPcAMP complex was not digested by
generated by subtilisin cleavage at position 117 (Table 3). subtilisin. L124C CRP clearly binds cAMP yet did not
We were unable to determine the masses of the L124A CRPdevelop a protease-sensitive hinge in response to cAMP
cores; however, knowing the N-terminal sequence of this binding. This property is unique to the L124C CRP inasmuch
core population and observing the position to which the cores as the mutant with the cysteine substitution at position 127,
migrated in SDSpolyacrylamide gels (Figure 3), we which generates a disulfide-cross-linked CRP, shares several
conclude that the L124A CRP was cleaved at a position characteristics with WT CRP, including the development of
located in the C helix. a protease-sensitive hinge in response to cAMP bindidg (
When complexed with cAMP, the WT (not shown), L124l, 16).
L124V, and L124A (Figure 3) forms of CRP were all The effects of position 124 amino acid substitutions on
hydrolyzed by subtilisin, whereas the L124C CRP was not CRP activity were assessdd vivo by monitoring the
(not shown). The subtilisin cleavage site for the WT CRP  production of f-galactosidase activity in cells (CA8445/
cAMP complex was mapped to hinge position L134 (Table pRK248, cyascrpacl®) that contained the WT CRP and
4). Similarly, subtilisin cleaved the L127] CRRAMP position 124 CRP variants (Figure 4). Cells that contained
complex in or near the hinge region at hinge position L134 WT CRP or mutant CRP produced basal levelgafalac-
and C-proximal C helix residue T127 located near the hinge tosidase when cultured in the absence of cCAMP. These cells
(Table 4). This indicates that, as with WT CRE2), cCAMP failed to produce elevated levels gfgalactosidase in the
binding affects the conformation of the L124] CRP hinge. presence of cGMP, indicating that amino acid substitution
In contrast to these results, the L124V CRIAMP complex at position 124 did not affect CRP ligand specificity. Cells
yielded a mixed population of high- and low-mass core that contained the WT, L124l, or L124V form of CRP
fragments, whereas the L124A CREAMP complex yielded synthesized similar amounts @fgalactosidase when cultured
only a population of low-mass core fragments. Subtilisin in the presence of cAMP. Cells that contained either the
cleaved the L124V CRPcAMP complex to a core popula- L124A or L124C CRP and cultured in the presence of cAMP
tion that terminated at hinge or hinge-proximal positions 134 produced 4 or 30%, respectively, of thfegalactosidase
and 127 and at C helix positions 119 and 117 (Table 4). produced by cells that contained WT CRP cultured under
The positions in SDSpolyacrylamide gels to which the the same conditions. The reduced activity of the L124A and
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L124C forms of CRP did not result from reduced production
of CRP; roughly equivalent amounts of the CRP monomer
were observed in Coomassie blue-stained Sp&yacryl-
amide gels loaded with extract prepared from cells that
contained any one of the five forms of CRP. We did observe
that the overall yield of L124A CRP was lower than that of
the other forms of CRP after purification. Loss of L124A
CRP occurred during a 10009@entrifugation and subse-
quent chromatography step, suggesting that this form of the
protein was less soluble in aqueous solution than WT CRP.
The lack of a cAMP-mediated response/bfalactosidase

in cells that contained the L124A CRP suggests either the

presence of a preponderance of CRP monomers in cells, the

formation of inactive L124A CRP dimers in the presence of
cAMP and DNA, or the formation of protein aggregates that
effectively reduced the cellular concentration of the L124A
CRP-cAMP complex. The relatively robust response of cells
that contained the L124C CRP to cAMP, a dimer form of
the protein that did not develop a protease-sensitive hinge
upon binding cAMP, indicates that this variant can adopt in
the presence of cAMP and DNA a conformation that shows
significant activity.

DISCUSSION

Amino acid substitutions at CRP positions 124 and 128,
residues separated by one turn of the C helix, affect both
cAMP binding affinity and binding cooperativity. S128 lies
along the C6-N7 edge of cAMP and forms a hydrogen
bonding interaction with theN®-amino group of cAMP
(Figure 1;3). The role of the hydrogen bond formed between
the N®-amino group of cAMP and CRP S128 has been
investigated16, 17). Threonine (T) substitutes for S128, and
with the exception of relaxed effector specificity, S128T CRP
is indistinguishable from WT CRPL§). Alanine (A) does
not functionally substitute for serine at position 128, produc-
ing instead a form of CRP that is unable to undergo proper
cAMP-mediated conformation transitions and is limited in
its ability to activatelacP in the presence of cAMPL).
Alanine substitution for serine 128, while having little effect
on K™, decrease&h)" 2 (17).

In contrast to the results obtained with position 128
substitutions, position 124 substitutions affect bt}
andKZM™. L124 interacts with the adenine face of CAMP
(18, 19). In addition, the methyl proton resonance of CRP

Biochemistry, Vol. 42, No. 13, 2003763
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Ficure 5: Packing of amino acid side chains and cAMP bound to
the CRP B subunit. Cyclic AMP bound to subunit B, in CPK colors,
and residues V49, L61, and L73 of subunit B are illustrated as
space-filled molecules. The residue at position 124, contributed by
CRP subunit A, is gold and illustrated as a space-filled molecule.
The one-letter designation is used to identify the amino acid residue
at position 124. This figure was generated from the coordinates of
1G6N 1) using SwissPdbViewer (3.6b2).

Conclusion 1. The Position 124 Amino Acid Residue Plays
a Role in Communicating cAMP Binding Site Occupancy.
Amino acid substitution at position 124 resulted in remark-
ably equivalent and opposite effects K™ and KZM™
(Table 2 and Figure 2B). The magnitude of the effects on
KSy'™ and KM showed a strong correlation with the
nonpolar side chain atom volume of the amino acid at
position 124. To address the mechanism underlying the
effects of amino acid substitution at position 124 on the
cAMP binding parameter&go"* and K", it is impor-
tant to consider the characteristics of CAMP binding to CRP.

One interpretation of the biphasic cCAMP binding isotherm

L124 has been shown to undergo a chemical shift in responsecoupled with crystal structure information led to a proposal

to cAMP binding to CRPZ0). We have shown in this study
that with respect to functionality CRP will tolerate at position
124 leucine, isoleucine, or valine, amino acid residues having

of a two-site binding model that predicted the existence of
identical cAMP-binding sites that develop, upon binding the
first molecule of cAMP, negative cooperativit§Z, 13, 18;

nonpolar side chain atom volumes that range between 140Figure 1). The biphasic isotherm was interpreted to show,
and 117 R A 2% (L — 1) increase in the nonpolar side at micromolar cAMP concentrations, the filling of the first
chain atom volume resulted in the approximate doubling of site followed, at millimolar cAMP concentrations, by the
the ratio ofKSaY"™" to KSah'™2 A 15% (L — V) decrease in filling of the second site. Figure 5 shows the cAMP-binding
nonpolar side chain atom volume resulted in the halving of pocket of one CRP subunit. If the two-site binding model
the ratio ofK;AMpl to K;AMPZ_ Neither of these changes had ~correctly represents the manner in which CRP binds cAMP,
an apparent effect on CRP efficacy in stimulating the then the interpretation of reciprocal effects of the position
expression of-galactosidase if. coli. A 50% (L — A) to 124 substitutions on the cAMP binding paramet&f§"™*
75% (L— C) decrease in nonpolar side chain atom volume and KgAMPZ may be explained as follows. In the absence of
resulted in larger effects on bot#¥"* and KZ5M'™ and cAMP, the hydrophobic amino acid residues of the cAMP-
were shown to limit CRP function in stimulating the binding pocket arrange to maximize van der Waals inter-
expression of-galactosidase. The results of this study lead actions. Once cAMP with defined affinitikA""* binds,

pp
us to three conclusions. L124—cAMP packing interactions in the filled subunit
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translate directly to the adjacent subunit stabilizing the empty been implicated as being important in transmitting signal
CAMP-binding pocket and decreasin§S,)" - Such a  from the N-proximal to the C-proximal domain in CAMP-
mechanism would result in an apparent negative cooperativitymediated allosteric changes in CRP conformatib).(
between otherwise identical binding sites in dimer CRP. Conclusion 2. Leucine at Position 124 Plays a Role in
Decreasing (L124V, L124A, or L124C) the position 124 Establishing the Strength of SuburBubunit Interactions
nonpolar side chain atom volume is expected to decreasein CRP.Previous results from our laboratory showed that
Kgﬁgﬂpl due to a loss of hydrophobic packing energy and to the rate of CRP C helix peptide bond hydrolysis was directly
increaseK"? due to weaker cAMP-binding pocket con-  Proportional to the rate of CRP subunit exchange (igf
striction in the adjacent subunit. Conversely, increasing @nd Figure 1). For apo-WT CRP, subunit exchange, and
(L1241) the position 124 nonpolar side chain atom volume hence C helix peptide bond hydrolysis, are negligible during
is expected to increaﬂégﬁg"m by increasing the hydropho- a 1 h incubation with p_rqtease. For tho_se forms of CRP (|._e.,
bic packing energy and to decreab’é’;g"” by further Y99A CRP) tha_t exhlk_Jlt unusually hlgh_ rates of subunit
constricting the cAMP-binding pocket in the adjacent subunit. exchange, C helix pgpnde pond hydrolysis is gxt_ensl@.(
. ) ) } The extent of C helix peptide bond hydrolysis in protease

In developing a rationale to explain the behavior of the gigestion reactions that include the YO9A CRP was reduced
position 124 mutants, we recognize that uncertainty exists iy the presence of cAMP, a condition known to strengthen
in interpreting the biphasic cAMP binding isotherms. The gy nit-subunit interactionZ6), and eliminated by introduc-
two-site CAMP binding model has come into question with ing a covalent cross-link between Y99A CRP subunits. The
the discovery that CRP can bind up to four molecules of regyits of the protease assay clearly show that both the L124V
CAMP (19, 21-23). In CRP crystals, two molecules of anq | 124A apo forms of CRP yielded low-mass core
CAMP are buried in what have been characterized as high-fragment populations, consistent with protease access to C
affinity sites located in the N-proximal portion of CRP  pg|ix peptide bonds. We do not know at this time if the valine
(Figure 1). A second pair of cAMP molecules is bound 10 gnq glanine substitutions at position 124 act to lower the
low-affinity cCAMP binding sites located on the surface of cRrp supunit equilibrium dimerization constant or to increase
the CRP C-proximal domairil@; not shown in Figure 1).  the rate of CRP subunit exchange. The net result of either
F\’_elnterpretatmn of the cAMP binding data in light of this \yould be to decrease the stability of the CRP dimer and
discovery led to the proposal that, at micromolar CAMP jncrease the extent to which C helix peptide residues are
concentrations, the first inflection in the cAMP binding data exposed to solvent and hence protease.
results from cAMP filling the high-affinity sites almost Conclusion 3. Decreased Side Chain Hydrophobic Atom
simultaneously and in a positively cooperative manié).(  y/glume at Position 124 Interferes with cAMP AllosteFpe
The two low-affinity sites subsequently fill at millimolar  thirq conclusion, drawn from the results of both the protease
CAMP concentrations, completing the second phase of theqgata andin vivo p-galactosidase measurements, is that
CAMP binding isotherm. One piece of evidence supporting gecreased side chain hydrophobic atom volume at position
this model comes from calorimetry studies, the results of 124 interferes with cAMP allostery. This is most evident
which have been interpreted to indicate positive cooperativity from the results obtained for the L124A and L124C forms
in cAMP binding to the two high-affinity CAMP binding sites  of cCRpP. Alanine substitution of leucine at position 124
(24, 29). Lin and Lee g5) recently reported that CAMP  yrecluded high-mass core fragment production from the
titration data may be fit to either a two-site or a three-site | 124c CRP-cAMP complex; only low-mass cores were
binding model. While the three-site model was found to fit gpserved for the L124A CRP in the absence and presence
the titration data obtained from the WT CRP and some CRP ¢ cAMP. In addition, cysteine at position 124, while
mutant forms, the cCAMP binding properties of other mutant stapjlizing the CRP dimer through a disulfide cross-link,
forms of CRP could only be fit using a two-site model. In  t5jled to support the development of a protease-sensitive
our laboratory, cCAMP titration data can be fit using a two- hinge in the L124C CRPcAMP complex.
site binding model only. If in fact a three- or four-site model  Thjs report characterizes, for the first time, the effects of
more accurately represents the mode of cAMP binding 10 5ming acid substitution in the cAMP-binding pocket at a
CRP, then our data clearly show that the low-affinity CAMP - osition occupied by a hydrophobic amino acid residue in
b!nd!ng sites are not independent of the high-affinity CAMP crp and demonstrates the importance of hydrophobic
binding sites. packing within the cyclic nucleotide-binding pocket on CRP

How might signal from the N-proximal high-affinity  structure and function. In addition to effects on CRP cAMP
cAMP binding sites translate to the low-affinity sites? Cyclic binding parameters and activity, there is a consequence of
AMP binding to CRP has been shown to affect not only the position 124 amino acid substitution on CRP subunit stability.
methyl proton resonance of L124 but also the methyl proton That the L124V CRP and L124A CRP yield low-mass cores
resonances of residues V49, L61, and LZ3) (It is possible when digested by subtilisin in the presence or absence of
that the residues critical to communicating cAMP binding cAMP indicates that either the dimerization equilibrium
site occupancy lie on the adenine face opposite that contactecdconstant or the rate of subunit exchange of these two mutant
by L124. A reduction of the hydrophobic amino acid residue forms of CRP differs from that of WT CRP. Stabilizing the
volume on one face of the adenine ring could manifest its dimer with a disulfide bond at position 124 produced a form
effects by reducing the number of amino acid interactions of CRP that activatedacP to a level one-third of that of
that take place on the opposite face of the adenine ring. VA9WT CRP. This suggests that at least some of the problems
and L61 occupy positions ifi-strands 4 and 5, respectively. associated with decreased nonpolar side chain atom volume
Thesef-strands form a loop structure that serves as a flap at position 124 can be overcome by forced, disulfide-
covering the N-proximal cAMP-binding pockets and has mediated, dimerization.
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