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ABSTRACT:. We investigated the characteristics of CRP having amino acid substitutions at position 99.
Analysis of amino acid residue proximity to cAMP in molecular dynamics (MD) simulations of the CRP:
(CAMP), complex [Garca, A. E., and Harman, J. G. (199Bjotein Sci. 562—71] showed repositioning

of tyrosine 99 (Y99) to interact with the equatorial exocyclic oxygen atom of cCAMP. To test the role of
Y99 in cAMP-mediated CRP activation, Y99 was substituted with alanine (A) or phenylalanine (F). Cells
that contained the WT or mutant forms of CRP indu@eghlactosidase in the presence of cAMP. Purified
WT, Y99A, and Y99F CRP showed only a 3- to 4-fold difference in cAMP affinity. There were no
apparent differences between the three forms of CRP in cAMP binding cooperativity, in CRP:(cAMP)
complex binding toacP DNA, in the formation of CRP:cAMP:RNAP complexeslatP, or in CRP
efficacy in mediatindacP activity in vitro. The apo-form of YO9A CRP was more sensitive to protease
than the apo-form of either WT CRP or Y99F CRP. Whereas the WT or YO9F CRP:(cAddR)plexes

were cleaved by protease at hinge-region peptide bonds, the Y99A CRP:(¢AbiRplex was cleaved

at peptide bonds located at the subunit interface. The rates of subunit exchange for Y99A CRP, both in
the apo-form and in a 1:1 complex with cAMP, were significantly greater than that measured for WT
CRP. The results of this study show that tyrosine 99 contributes significant structural stability to the CRP
dimer, specifically in stabilizing subunit association.

Cyclic 3:5-adenosine monophosphate (CAMBlays an (i.e., 1G6N) from the analysis of X-ray data derived from
important role in regulating the activity of several catabolic CRP crystals grown in the presence of cCAMR 13). Each
genes irEscherichia coli The effects of cCAMP are mediated CRP subunit folds into two domains. The large amino-
through its binding to the cAMP receptor protein (CRB)) ( proximal domain contains extensi@esheet structure which
CRP is a 47 238 Da dimer composed of two identical 209- forms the cAMP binding pocket, and three-helices
amino acid subunits, each of which can bind cANZP-§). (designated A, B, and C). The smaller carboxyl-proximal
Three cAMP-dependent forms of CRP are known; apo-CRP, domain is composed principally of threehelices (desig-
CRP:(cAMP), and CRP:(cAMP) (5, 6). At micromolar nated D, E, and F) two of which, the E and F helices, form
concentrations, cAMP binding produces conformational the DNA binding surface of CRP. The structural changes
changes in CRP that result in a modest increase in CRPinduced in CRP upon binding cAMP include changes in the
subunit stability, affect the susceptibility of CRP hinge region cyclic nucleotide-binding domain, the DNA binding domain,
peptide bonds to protease, introduce CRP site-specific DNA the interdomain hinge-region and in regions involved in CRP
binding and promote CRP interaction with RNA polymerase intersubunit interaction14—16).

(RNAP) (7—12). From the analysis of CRP:(cAMP3$tructure, Weber and

CRP:(cAMP) structure has been determined to 2.5 A Steitz @) identified five amino acietligand contacts that
resolution (i.e., 3GAP) and, more recently, to 2.1 A resolution were likely to be important in cAMP binding to CRP in

solution and/or in mediating cCAMP activation of CRP. The

T This work was funded through the Robert A. Welch Foundation charged phosphate of CA_‘MP aligns with argininé (R) 8_2 to
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Table 1: Oligonucleotide Sequences Useddigr Mutagenesis

designation oligonucleotide sequence

Y99A-1 pGAAATTTCGGCCAAAAAATTT

Y99F-1 PGAAATTTCGTTCAAAAAATTT

T127C pCGTCGTTCTGCAAGTCTGTTCAGAGAAAGTGGGCAAC
T127C-rc PGTTGCCCACTTTCTCTGAACAGACTTGCAGAACGACG

CRP stop pCGGCACTCGTAGATCTTAGCACCATCACCATCACTAA

CRP stop-rc PTTAGTGATGGTGATGGTGCTAAGATCTACGAGTGCCG
Y99A-2 pGCTGAAATTTCGTTCAAAAAATTTCGC

Y99A-2rc PGCGAAATTTTTTGAACGAAATTTCAGC

Y99F-2 PGCTGAAATTTCGGCCAAAAAATTTCGC

Y99F-2rc PGCGAAATTTTTTGGCCGAAATTTCAGC

LCAP pPGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCC
LCAP-rc pGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTG
LRAN pGCAACGCAATACATCTGGATGTACAATAAGTGTAGGCACCC
LRAN-rc pGGGGTGCCTACACTTATTGTACATCCAGATGTATTGCGTTG

Molecular dynamics (MD) simulation studies conducted Enzymes and Other MaterialRestriction enzymes were
using 3GAP as the initial structure predicted the transition obtained from New England Biolabs. Shrimp alkaline
of CRP:(cAMP}) from an open/closed subunit configuration phosphatase, phenylmethylsulfonyl fluoride (PMSF), and
to a closed/closed configuration similar to that observed in isopropylthiof-p-galactopyranoside (IPTG) were purchased
CRP:(cAMPY:DNA crystals (7, 18). Analysis of the from United States Biochemical Corporation. Nucleoside
conformations sampled during the MD simulations showed triphosphates and 1 mL of HiTrap Ni-chelating columns were
that CRP:cAMP contacts in the initial structure were purchased from Pharmacia. X-ray film (BMX-2) was pur-
maintained and, in addition, a new contact was establishedchased from Eastman Kodala-f?PJUTP and {-32P]ATP
involving the interaction of tyrosine at position 99 (Y99) were purchased from New England Nuclear. Cyclic AMP,
and cAMP bound to the B subunit of CRP. To test the subtilisin BPN (type XXVII, 7.9 units/mg) and the catalytic
presence and significance of this Y99:cAMP interaction on subunit of bovine heart cAMP-dependent protein kinase was
CRP function, therp gene was mutated to replace Y99 with purchased from Sigma Chemical Co. Econo-Pac ion ex-
either alanine (A) or phenylalanine (F). The results of this change cartridges, precast180% polyacrylamide gels, and
study show that the amino acid residue at position 99 plays Mutagene M13 in vitro mutagenesis kits were purchased
an important role in determining the strength and stability from Bio-Rad Laboratories. DNA isolation kits were pur-
of CRP subunit interactions. In addition, we present evidence chased from Qiagen and from Promega. Synthetic oligo-
for two protease targets in CRP: one that lies in the hinge nucleotides were synthesized by the Texas Tech University
region and a second that lies along the C-helix. Peptide bondsBiotechnology Institute Core Facility. Common salts and

in the CRP hinge are accessible to protease in the CRP:cAMPbuffers were reagent grade or better.
complex, while those located along the C-helix are accessible  sijte-Directed Mutagenesis of crpmino acid substitution

to protease in the apo-CRP monomer.

MATERIALS AND METHODS

Molecular Dynamics Simulationgn vacuo (625 ps) and

of CRP was accomplished by the method of Kunkas)(
using M13¢trp Ndd (24) vector DNA as template. Single-
stranded primers were used to substitute an alanine (Y99A-
1) or a phenylalanine (Y99F-1) codon for the tyrosine 99

solution (140 ps) molecular dynamics simulations using the codon (Table 1). The 1.5 Kbpoull DNA fragment of

CRP:(cAMP} structure of Weber and Steitd)((accession
# 3-GAP) as the initial structure were reported earliief)

mutagenized M18tp Ndd RF DNA was subcloned into
Puull-digested, alkaline phosphatase-treated pLEX vector

Principle component analysis was used to track large DNA. Plasmid DNA was purified and analyzed i¥dd
amplitude global conformational changes in CRP conforma- digestion to establish the orientation of the cloceaigenes.

tion during the course of simulatiol9, 20).

Bacterial Strains and Plasmidg&. coli CA8445/pRK248
(21), M15/pREP4 14), and MZ-1 @2) were used as host
strains for recombinararp plasmids. Plasmid pRK24&¢l",
tet) (23) encodes a thermolabikel repressor used to control

Ndd-digested plasmid DNA that contained either tmp99A
or the crp99F allele in the correct orientation was diluted
and ligated to position therp initiation codon proximal to
the pLEXAcll ribosome binding site. DNA sequence analysis
of the crp gene was performed to confirm the plasmid

the AP_ promoter. Plasmid pREP4 encodes the Lac repressorCONStructs.

used to control CRP synthesis that originates flack (14).
Plasmids pHA7 ) and pQE60NB1 14) encode, respec-
tively, WT CRP expressed frotetP and MVRRASV-CRP-
RSH; CRP expressed frotacP. Plasmid pLEX (Invitrogen)
was used for high-level YO9A and Y99F CRP expression.
Plasmid pKL201 21) was used as thiacP template for in
vitro transcription studies. Derivatives of Mt8 Ndé (24)
were grown ork. colistrain XL-1 Blue (Stratagenelt. coli
strains MV1190 and CJ236 (Bio-Rad) were used for mu-
tagenesis ofrp. RNA polymerase was purified frof. coli
strain AG1 (Stratagene).

Double-stranded plasmid DNA mutagenesis was accom-

plished using the Quick-Change PCR protocol (Stratagene).
The T127C amino acid substitution was introduced into
plasmid pLEXcrpY99A using the mutagenic oligonuceotide
pair T127C/T127C-rc (Table 1). Plasmid pQEGONMBIE,
a pQEG6ONBL1 derivative having a translation stop codon
immediately upstream of the hexahistidine codons, was
constructed using the oligonuceotide pair CRP stop/CRP
stop-rc (Table 1). Mutagenic oligonucleotide pairs used to
introduce alanine or phenylalanine codons at position 99 in
the crp contained in plasmids pQE60NB1, pQEGONBIL,
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and pHA7 were Y99A-2/Y99A-2rc and Y99F-2/Y99F-2rc
(Table 1).

Assay off-GalactosidaseCA8445/pRK248 cells harbor-
ing pHA7, pHA7crpY99A, or pHA7 crpY99F were cultured
as described by Belduz et ak4). Samples were assayed

the gels in a 10 mM in CAPS buffer (pH 11) solution that
was 10% in methanol and 2 mg/mL in dithiothreitol. 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, 40% in methanol
for f-galactosidase activity according to Mille26). and1% in acetic acid and destained in 50% methanol solution.
Proteins (a) CRP IsolationThe Y99A, Y99F, and Y99A/  The CRP core fragments were excised and analyzed in a
T127C CRP were prepared using standard ion-exchangePorton model 2020 peptide sequencer.
chromatography techniques. CRP induction was carried out CRP Core Fragment Mass Determinatiodstotal of 50
as described previousl21). Frozen cell pellets were thawed ug of WT, Y99A, and T127C/Y99A CRP were digested with
and suspended in 20 mL of ice-cold 25 mM sodium subtilisin as described above. The reaction mixtures were
phosphate, pH 7.2, that was 1 mM in EDTA, 1 mM in absorbed to DE81 ion exchange filters (Whatman) that had
B-mercaptoethanol, and 5% (v/v) in glycerol (NP buffer), been equilibrated in NP buffer lackirgrmercaptoethanol.
and the cells were ruptured with two passages through aThe core fragments were eluted in 32Q of water and
French pressure cell at 500 psi. The suspension was clarifieddialyzed against 1000 vol of waterrf@ h at 4°C. The
by centrifugation, and the soluble protein fraction was samples were dried in vacuo, dissolved in@20water and
dialyzed overnight against NP buffer. Extracts were applied diluted with 2 vol of ionizing matrix solution that was 10
to an Econo-Pac ion exchange High Q cartridge (Bio-Rad) mg/mL in sinapinic acid, 10% in trifluoroacetic acid, and
connected in tandem to a Econo-Pac ion exchange High S50% in acetonitrile. The samples were analyzed on a Per-
cartridge (Bio-Rad) and washed with NP buffer until the Septive Biosystem Voyager DE matrix-assisted laser de-
eluateAygp < 0.1. The anion-exchange column was removed, sorption/ionization time-of-flight mass spectrometer (MALDI-
and CRP was eluted from the cation exchange column in aTOF MS). Spectra were calibrated to cytochrome C and
linear salt gradient prepared from 100 mL of NP buffer and lysozyme.

100 mL of NP buffer that was 0.3 M in NaCl. Protein
fractionation was monitored by sampbes, and samples
were analyzed on polyacrylamig&DS gels stained with

Cyclic AMP Binding AssayFluorescence titration experi-
ments were conducted at room temperature on protein
samples that had been dialyzed against 50 mM Tris-HCI (pH

acidic coomassie blue. Fractions that contained CRP at high7.8), 0.1 M KCI, and 1 mM EDTA. Fluorescence measure-
concentration and purity were pooled and dialyzed againstments were performed and the data were analyzed as
NP buffer that was 100 mM in NaCl. CRP was judged to be previously described2).

greater than 97% homogeneous for the WT preparation and DNA Binding AssayTwo 41 bp double-stranded DNA
greater than 94% homogeneous for the Y99A, YO9F, and fragments were utilized in the DNA binding assay. One
Y99A/T127C CRP preparations. CRP concentrations fragment, LCAP contained a binding site for CRP was
were determined using an extinction coefficient of X5 prepared by annealing oligonucleotide pairs LCAP/LCAP-
100 M1 cm? at Aye (b) MVRRASV-CRP-R$Hand rc (Table 1) as described(). The second fragment, LRAN,
MVRRASV-CRP-RS Isolatiofihe plasmids pQE60NB1 and lacking a CRP binding site was prepared by annealing
PQEG6ONBLHs were transformed int&. coli strain M15/ oligonucleotide pairs LRAN/LRAN-rc (Table 1) as described
pREP4MVRRASV-CRP-RSANAMVRRASV-CRP-R§/N- (10). Binding reactions were run in transcription buffer [30
thesis was induced as described by Baichoo and Heyidhk ( mM in Tris-HCI (pH 8.0), 2.5 mM in MgGl 0.1 mM in
Cells were harvested by centrifugation and stored-&0 EDTA, 0.1 mM in DTT, 100 mM in KCI] that contained 5
°C. E. coli M15/pREP4/pQE6ONBL1 cells were thawed on ug/mL BSA with duplex DNA at 27 pM, CRP at the
ice and suspended in ice-cold buffer that was 25 mM in indicated concentration, and when present, cAMP at200
sodium phosphate, pH 7.4, and 100 mM in imidazole. The The data were analyzed as described previou&dy. (

cells were ruptured in a French pressure cell and the

suspension was clarified at 4C by centrifugation. The
clarified extracts were filtered through 0.4&n Millipore
filters and MVRRASV-CRP-RSHvas purified over a Ni-
chelating columnE. coli M15/pREP4/pQE60NBJH; cell

In Vitro DNase | Footprinting and Transcription Assays
DNase | footprinting reactions and transcription reactions
were carried out as described previoushg)(

Subunit Exchange ReactiondVRRASV-CRP-RS Label-
ing. The MVRRASV-CRP-RS at 1 mg/mL was labeled in

pellets were suspended in NP buffer, and the cell extractsan 80uL reaction that contained 18.8 units of bovine heart

were prepared as described above. WAERRASV-CRP-RS

muscle cAMP-dependent protein kinase catalytic subunit and

contained in these extracts was purified over BioRex 70 resinwas 0.2uM in [y-3?P]ATP as described by Baichoo and

as described by Harman et aR1j. (c) RNA Polymerase
Isolation RNA polymerase was isolated as described previ-
ously @27, 28).

Protease Probe of CRP Structur@®rotease digestion
reactions were run at 23C in a volume of 40uL in NP
buffer that was 100 mM in NaCl6j. Reaction mixtures
contained 20ug of CRP and, where indicated, cAMP.
Peptides were resolved on 10 to 20% gradient polyacryl-
amide-SDS gels, visualized by staining with acidic coo-

Heyduk (L4). The reaction mixture was loaded onto BioRex
70 resin and washed with 20 mM sodium phosphate, pH
7.2, that was 50 mM in NaCl to remove unincorporated label.
Radiolabeled MVRRASV-CRP-RS was eluted from the
column in 20 mM sodium phosphate, pH 7.2, that was 600
mM in NaCl. Fractions containing radiolabeled MVRRASV-
CRP-RS were pooled and stored-&20 °C.

Subunit exchange was performed in buffer that was 25
mM in sodium phosphate (pH 7.2), 100 mM in NaCl, 5%

massie blue R-250, and quantitated using a Molecular (v/v) in glycerol, 0.01% (w/v) in sodium azide, and, where
Dynamics 300B laser densitometer. Samples were preparedndicated, contained cAMP. The total CRP concentration

for N-terminal amino acid sequence analysis by equilibrating

used in these experiments was 2g/mL; MVRRASV-CRP-
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RSH; and radiolabeled MVRRASV-CRP-RS were mixed at
a ratio of 9:1. The assay was initiated by equilibrating the
radiolabeled MVRRASV-CRP-RS in subunit exchange buffer
for 12 h at room temperature. Subunit exchange was initiated
by adding unlabeled MVRRASV-CRP-RgHand the reac-
tion mixture was incubated at 28C. At different time
intervals, 1.0 mL of exchange solution was loaded onto a
Ni-chelating column. The column was washed with 4.0 mL
of wash buffer [20 mM sodium phosphate, pH 7.2; 300 mM
NaCl; 100 mM imidazole] followed by 4.0 mL of elution
buffer [20 mM sodium phosphate, pH 7.2; 500 mM NacCl;
500 mM imidazole]. The column load, wash and elution steps
took, on average, 3 min. The radioactivity contained in the
wash and elution samples was determined using standard
scintillation techniques. Control experiments showed that
96% (£1.5%) of labeled MVRRASV-CRP-RSHapplied to

the column was bound by and eluted from the column under
the conditions outlined above. Nonspecific binding of
radiolabled MVRRASV-CRP-RS averaged 15.0%506)
and was evident in the time 0 (To) samples. The amount
of radiolabled MVRRASV-CRP-RS specifically bound to
the column through association with MVRRASV-CRP-RSH
for a given time Ty) during exchange was calculated using
the relationship: % boune [(T, elution counts— Ty elution
counts)/total countsk 100.

RESULTS

In 3GAP, Y99 occupies the N-terminal position of the
CRP B helix with the bulk of the side chains buried and the
hydroxyl groups directed toward cAMP (Figure 1). At 4.6
A (subunit A) and 4.2 A (subunit B), the Y99 hydroxyl
groups are sufficiently far to preclude prediction of a direct
interaction between Y99 and cAMP. Weber and Stefiz (
did, however, predict that the residues forming the cAMP
pocket were stabilized by Y99 hydrogen bonding to R82 and
the carbonyl oxygen of G71. We have previously reported
on molecular dynamics (MD) simulations of the CRP:
(cAMP), complex using 3GAP as the initial structurkry.
These simulations predict that when removed from the
crystalline environment CRP:(CAMP3¥tructure undergoes
a transition from the open:closed subunit configuration to a
closed:closed subunit configuration observed for the CRP:
(cAMP),:DNA complex @7, 18). Much of the difference
between the crystalline and noncrystalline structures resulted
from concerted, time-dependent, C-terminal domain motion
in the B subunit {7). Analysis of the CRP:(CAMB)
structures sampled throughout the MD simulations showed
Y99 of subunit B to reposition to allow direct hydrogen
bonding between the Y99 hydroxyl and cAMP bound to the
B subunit (data not shown). The geometry of this interaction
was such that Y99 hydrogen bonded with both the equatorial
exocyclic oxygen atom of cAMP and the guanidinium of FiGURe1l: CRP:(CAMP)dimer structure. Panel A shows the CRP
R82. Two separate 29 picosecond (ps) MD simulations of dimer presented as a strand model, cAMP and Y99 are space-filled

. and presented in CPK colors. Panel B shows the CRP dimer
solvated CRP:(CAMRB)reproduced the Y99 movement to presented as a space-filled model. For both panel A and panel B,

interact with cAMP within the first picosecond of each  ihe N-proximal cAMP binding domains (residues133) are black,
simulation. This interaction was maintained for 10 ps in one the C-proximal DNA binding domains (residues +409) are gold.
simulation and for 29 ps in a second simulation. The results The hmge-crjeglon COﬂn_ggtlng_IEEe gvﬁ cli_omal_ns Iﬁffg-ghe l?]-gelllle
of the short, nonequilibrium, MD simulations indicated that, 'S Presented as green ribbon. The C-helix region throug

. . ... is yellow ribbon and S128 is blue ribbon. Panel C shows the Y99
up_on remov;_al of crystal lattice ConStra'nts' Y99 repOSI_tlonlng region of the space filled CRP structure presented in slab-mode.
to interact with cAMP was reproducible. More extensive 2.6 Figures were generated from the 3GAP coordinatsusing

ns MD simulations of CRP:(CAMB)in aqueous solution  RasMac ver. 2.7.1.
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Table 2: Summary of Binding Properties for the WT, Y99A, and Y99F €ERP

LCAP — LCAP — LRAN — cAMP1 — CcAMP2 —
Kapp (M l) Kapp (M l) Kapp (M 1) Kapp (M l) Kapp (M l)
CRP no cAMP 20QM cAMP 2004M CAMP
WT (1.3+£3.9) x 10° (2.5+ 1.1) x 107 (3.8+ 1.1) x 10° (3.3+ 1.3) x 10° (1.84+3.9) x 102
A (15+3.9)x 10° (2.8 0.3) x 107 (7.2+£2.9) x 10° (1.3+0.8) x 10° (3.94 2.6) x 107
F (1.74+0.4)x 10° (2.5+0.3) x 107 (3.3+£0.1) x 10° (6.7+ 1.5) x 10° (3.3+£0.8) x 102

CAP | LRAN ,CAMP1 CAMP2
Sy Kaon + Ka Ka

a Apparent association consta , and
respectively, as described in r29. Errors are expressed as 1 SD.

were determined from fits of the data presented in Figure 3 and Figure 4,

v ' ' ' o] 1.0 — —
2 6000 :
':E E 0.8 i 1
%) ] =
S G000 X 0.6 -
5 E T
= =2000 1 & 0.4 '
bD N’
ny . | . | | 0.2f ]
0 2 4 6 8 00 e
[cAMP] mM "7 6 5 -4 3 2 -1

Ficure 2: B-Galactosidase activity in cells containing the WT or
position 99 mutant forms of CRP. CRP was expresse. inoli log [CAMP]
strain CA8445/pRK248. Each value is the mean of at least two

independent experiments. WT CRP (open circles); YO9A CRP g ee 3. Binding of CAMP to CRP. The fluorescence of WT

(closed circles); YO9F CRP (closed squares). The basal levels of (nen circles), Y99A (closed circles), and YO9F CRP (closed boxes)
-galactosidase measured in the absence of added cAMP were 935Ns—CRP complexes measured as a function of CAMP concentra-
107, and 97 units/ml for cells containing the WT, Y99A, and Y99F  ion The data were fit as described in 29. Each data point is

CRP, respectively. the average of at least two experiments.

suggest tha,t Y99 may form a wate_r-mediated contact with 5| three proteins were in the range 0b310° to 13 x 10P

cAMP (Gar¢a and Harman, unpublished material). M- The calculated values f&*P2 were on the order of
To determine the significance of this putative YSOAMP 3 x 10 M~ (Figure 3, Table azpf From this we conclude

interaction, we have examined the effects of position 99 {4t negative cooperativity in CAMP binding, a characteristic

amino acid substitutions on CRP structure and function. To o \wT CRP. is also characteristic of the Y99A and Y99F
this end, in vivo experiments were conducted to assess CRPt,rms of CRP.

mediated induction of-galactosidase activity in cells that
contained either pHA7 (encoding WT CRP), pH#&E99A In the absence of CAMP, the W.T’ Y99A and Y.gg'.: fo”‘.“s
(encoding Y99A CRP), or pHAGPI9F (encoding Y9OF of CRP bqund DNA .th.at cont.amed a CRP bmdmg .Slte
CRP). Data presented in Figure 2 illustrate that each cell (LCAP) with |°V|‘3’N/f‘ff'n'ty having apparent association
type produced a basal level Bigalactosidase in the absence constant values(,,,", that ranged from 1.% 10°to 1.7 x
of cAMP and increasefi-galactosidase activity in response 10 M~* (Figure 4, Table 2). Each CRP bound, in the
to cCAMP addition to the culture medium. For the WT CRP Presence of cAMP, a DNA fragment that did not contain a
and Y99F CRPg-galactosidase activity peaked between 1.0 CRP binding site (LRAN) with similarly low affinity having
and 2.0 mM cAMP, whereas for the Y99A CRR:galac-  Kgp values that ranged from 3.8 10° to 7.2 x 10° M~%.
tosidase activity peaked at a cCAMP concentration of 8.0 mM. All three proteins complexed with cAMP bound LCAP DNA
For reasons that are not clear to us, cells that contained thewith 150—-200-fold greater affinity than the apo-forms having
Y99A and Y99F CRP consistently produced 25% higher K2M* values of 2.5x 107, 2.8 x 107, and 2.5x 10’ M~* for
levels of3-galactosidase than cells that contained WT CRP the WT, Y99A, and Y99F CRP, respectively. Cyclic AMP
(Figure 2). The results of the in vivo studies show that binding induced in all three forms of CRP a conformation
substitution of Y99 by alanine affects CRP efficacy in change that lead to site-specific DNA binding. Indeed, the
promoting lac mRNA synthesis, effects manifest on the DNase | footprints ofacP were equivalent for each CRP:
concentration of ligand required for maximum activity. (cAMP), complex (data not shown). Furthermore, each CRP:
The WT and position 99 mutant forms of CRP were (cAMP); complex promoted RNAP binding and DNase |
purified and characterized in vitro. To assess cAMP binding, footprinting of LCAP DNA. The results of both the cAMP
fluorescence changes resulting from cAMP titration of and the DNA binding studies show that amino acid substitu-
ANS—CRP complexes were measured and analyzed (Figuretion at position 99 has little effect on the ligand binding
3, Table 2). The apparent association constatffy"", for characteristics of CRP.
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Ficure 4: Binding CRP to DNA. Reactions contained either WT
CRP (open circles), Y99A CRP (closed circles), or YO9F CRP
(closed boxes) at the indicated concentrations, LCAP or LRAN at
27 pM, and when present, cCAMP at 20M. The data were fit as
described in reR9. The data from reactions run on LCAP DNA
the absence of cCAMP, and on LRAN DNA in the presence of CAMP
are represented by open triangles.
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Ficure 5: Effect of cAMP on &c transcription promoted by the
WT CRP (open circles), Y99A CRP (closed circles), or Y99F

Baker et al.
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FIGURE 6: Protease sensitivity of WT or position 99 mutant forms
of CRP. CRP was incubated with subtilisin in the presence or
absence of cAMP. Samples were separated on200 SDS-
PAGE gels and the amount of intact CRP remaining was deter-
mined. The histogram displays the fraction of intact monomer
remaining for WT (black bars), Y99F (striped bars), and Y99A
(white bars) at the indicated concentrations. Data are from a single
protease reaction series and are representative results.

synthesis in vitro in the absence of cAMP. In the presence
of CAMP at concentrations greater than B®, reaction
mixtures that contained any one of the three forms of CRP
showed high-levelac mMRNA synthesis. The concentration
of cAMP required for half-maximabc RNA synthesis was
different for each of the three proteins. The concentration
of cCAMP required for half-maximadac mRNA synthesis in
transcription reactions that contained the WT CRP, Y99A
CRP or Y99F CRP was 0.3, 2.0, and 0414, respectively.

Cyclic AMP binding studies coupled with CRP structure
analysis have shown that three cAMP-dependent CRP
conformers exist: that of apo-CRP, that of the CRP:(cAMP)
complex having one cAMP binding site occupied, and that
of the CRP:(cAMP) complex having both cAMP binding
sites occupied @, 8). These CRP conformers are distin-
guished in their sensitivity to proteas®).(Apo-CRP has a
protease-resistant hinge whereas CRP:(cAMid CRP:
(cAMP), have protease-sensitive hinges with CRP:(cCAMP)
being digested more rapidly than CRP:(CAMP)

The results of protease digestion assays show that amino

(closed boxes). Reaction mixtures contained supercoiled template"’ICId SUbStltu.tlon at position 99 produced clear effects on CRP
DNA, RNAP, CRP and the indicated concentrations of cAMP. Structure (Figure 6). In the apo-form, WT CRP and Y99F
Autoradiographs of the RNA products separated on 6% polyacryl- CRP were relatively resistant to subtilisin, whereas the Y99A
amide ges 7 M inurea were scanned on a laser densitometer and CRP was degraded by the subtilisin. At micromolar cAMP
thelac andrep RNA bands quantitated. concentrations, all three proteins were protease sensitive and
To evaluate the efficacy of the ternary complexes formed at millimolar cAMP concentrations the protease sensitivity
atlacP containing either WT or mutant forms of CRP:cAMP  exhibited by all three proteins decreased. Subtilisin generated
complex, we quantitated the amounta¢ RNA synthesized  a low-mass core fragment population from the Y99A CRP
from lac in reaction mixtures that contained either the WT in reaction mixtures that contained between 9 and/®D
CRP, Y99A CRP, or Y99F CRP (Figure 5). In these cAMP. In contrast, subtilisin generated high-mass core
reactions, therep transcript originating from the CRP- fragment populations in reaction mixtures that contained
independentep promoter served to normalize individual either WT CRP or YO9F CRP and/&V to 20 mM cAMP
reactions in a reaction series and to normalize reaction serier in reaction mixtures that contained Y99A CRP and 20
conducted using different CRP preparations. Similar to the mM cAMP. N-Terminal amino acid sequence analysis
results obtained in vivo, neither the WT CRP nor the mutant showed that all of the CRP core populations contained two
forms of CRP supported significant levels latP mRNA predominant N-terminal amino acid sequences (Table 3). One
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Table 3: Summary of N-Terminal Amino Acid and MALDI-TOF terminated at amino acid residues L134 through A141. The
Mass Spectral Analysis of the WT, Y99A, YO9A/T127C, and YOOF Y99A CRP in the presence of 90M cAMP [i.e., CRP:
a-Core Fragments (cAMP);] produced a population of core fragments that
N-terminal MALDI-TOF predicted predicted terminated at amino acid residues L*18121, C-helix
CRP sequence mass masses sequence residues located at the subunit interface in dimer CRP
WT (90 M) VL/GKPQTD 15 050 15055 G4—L134 (Figures 1 and 7, Table 3) The prOdUCtion of low-mass core
15264 15267  V2-L134 fragments from Y99A CRP may have resulted from alanine
Y99A (90uM)  VL/GKPQTD 13008 12992  G4-L116 substitution affecting a CRP hinge conformation change.
13091 13079 G4-L117 Following this reasoning, a hinge-region peptide bond would
13297 13292  V2-L117 L o . :
13497  13481or GA-A121 serve as the initial substrate for subtilisin to yield a high-
13491  V2-0Q119 mass core that was subsequently degraded to a low-mass
Y99A (20 mM) VL/GKPQTD 14 313 14 322 GA4S128 core. The results of two experiments are not consistent with
YOOA/T127C  VLIGKPQTD 14310 14324  G4S128 this interpretation. First, time-course subtilisin digestion
g?ggl‘:'v(%om) 15276 15251  V2—L134 reactions failed to .reveal the high-mass core intermediate
‘ 15718 15743 G4—G141 expected if CRP hinge cleavage were to precede protease
Y99F (20 mM) 15714 15743 G4-Gl41 cleavage of C-helix residues (data not shown). In contrast,

15922 15955  V2-Gl4l digestion of the YO99A CRP in the presence ofi8d cAMP
does proceed through a transient high neagsre fragment,
A Ty indicating that, when bound by cAMP, the Y99A CRP hinge
is protease sensitive (data not shown). Second, the Y99A/
T127C apo-CRP, having subunits cross-linked by a disulfide
W bond at position 127, was resistant to subtilisin (data not
YA shown). Clearly, neither the Y99A/T127C CRP hinge-region
B 1 peptide bonds nor subunit interface C-helix peptide bonds
\ " were accessible to the protease. These results lead us to favor
an alternative interpretation regarding the basis for Y99A
; Wi apo-CRP sensitivity to subtilisin: Y99A affects not the CRP
M" Y Wikduanshisdtiaiom o hinge conformation per se but rather destabilizes the CRP
C dimer to allow protease access to buried subunit interface
\‘ amino acid residues. We have found that increasing the

CAMP concentration from 9&M to 20 mM, a condition
known to strengthen intersubunit interactior3, (resulted

in the production of high-mass Y99A CRP core fragments

D g that terminated at S128, a residue located near the CRP hinge
(Figure 7, Table 3). In addition, the disulfide cross-linked
)L T127C/Y99A CRP produced, in the presence of /4
FAN CAMP, a core fragment that terminated at S128 when
12 13 14 15 16 17 incubated with protease (Figure 7, Table 3). These last two
Daltons x 10~ observations are consistent with the hypothesis that Y99A

FIGURE 7: MALDI-TOF spectra of thex-core fragments generated ~ affects CRP dimer stability. To test this, we have assayed
by subtilisin digestion of CRP. The reaction conditions were (A) the rates of CRP subunit exchange for the WT and position
WT CRP and 9Q«M cAMP; (B) Y99A CRP and 9Q:M cAMP; 99 mutant forms of CRP.

D) Y99A CRP and 20 mM cAMP; (D) Y99A/T127C CRP and .
go)ﬂM CAMP. The Y99A/T127C CR'P(w)as estimated, based on its The subunit exchange assay developed for the. Qurrent
behavior in SDSPAGE, to be greater than 80% cross-linked Study was adapted from the assay protocol originally
through an intersubunit disulfide bond. Asterisks indicate the mass described by Brown and Crotherg)(Our exchange assay
peaks included in Table 3. utilizes two populations of CRP, one of which contains an
N-terminal protein kinase recognition sequence and one of
sequence, VLGLPQTD, is that predicted for CRP after which contains both the protein kinase recognition sequence
removal of the N-terminal formylmethioning,(4). Removal ~ and a C-terminal hexahistidine sequentd)(The assay is
of the N-terminal formylmethionine and the residues V1 and conducted in three stages. First, radiolabled MVRRASV-
L2 generated the second sequence, GLPQTD. Precise CRRERP-RS was diluted and the monomer/dimer distribution
core fragment masses were determined from MALDI-TOF allowed to equilibrate. Second, a 9-fold molar excess of
mass spectra for selected CRP core populations (Figure 7unlabeled, MVRRASV-CRP-RSHwvas added to establish
Table 3). This information, coupled with the N-terminal g heterodimer pool whose rate of formation would reflect
sequence data, was used to deduce the C-terminal amino aci¢he rate of subunit exchange. Third, the CRP heterodimer
residue for each CRP core fragment population (Table 3). population, composed of one hexahistidine-tagged and one
Protease digestion reactions that contained WT CRP andradiolabeled subunit, was separated from radiolabeled homo-
90 uM cAMP produced core fragments that terminated at dimer over time on a Ni-chelating column. Three lines of
position 134 located in the hinge region that connects the evidence indicate that use of MVRRASV-CRP-RSH
C- and N-proximal domains of CRP (Figures 1 and 7, Table studying CRP subunit exchange is valid. First, the
3). Similarly, subtilisin produced core fragments from YO9F MVRRASV-CRP-RSH and WT CRP show similar char-
CRP in the presence of either 28 or 20 mM cAMP that acteristics in cAMP and DNA bindindlé). Consistent with
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Ay . B , subtilisin
= 40 = f ] 1} m /
= = ‘
4 30 cAMP cAMP
g% 2 Z OVO 1
;@ 20 Cg 20 )
10 5 10 -~ - -
[} cAMP cAMP
2 S0 75 100125 25 S0 75 100 125 FiIGURe 9: Schematic representation of the interaction of CRP and
Time (min) Time (min) subtilisin.

Ficure 8: (A) CRP subunit exchange for the apo-forms of WT : . .
CRP (open circles), Y99A CRP (closed circles) and Y99F CRP (Figure 2) and in vitro (Figure 5). All three forms of CRP

(closed squares). The data are expressed as the amount of labele@ave similar 'affinity for. CAMP, .and all exhibit negat.ive
CRP subunit bound to a Ni-chelating column expressed as a percencooperativity in cAMP binding (Figure 3, Table 2). All bind
of the total labeled subunit in the reaction mixture versus time. At JacP DNA with high affinity in the presence of cAMP

24 h, the level of exchange was for WT CRP, 22%; for Y99A CRP, ; ; : .
33%; and for Y99F CRP, 35%. (B) Subunit exchange for the apo- (IZ%AU;?RE’ALabIe 2? and ;;”Bl'ltlst? t.h(lad formatllon tolf CIFP'
form of YO9A CRP (closed circles), Y99A CRP in the presence of © : complexes dacr that yield equivalent levels

90 M cAMP (inverted triangles), and YO9A CRP in the presence Of lac mMRNA in vitro (Figure 5). Despite these similarities,
of 2 mM cAMP (triangles). At 24 h, the level of exchange was for a major difference in subunit interactions exists between the
Y99A CRP, 33%; for Y99A CRP and %M cAMP, 42%; and for ~ WT CRP and the position 99 amino acid substituted forms
Y99A CRP and 2 mM cAMP, 15%. of CRP.

Conclusion 1. Amino Acid Substitution at Position 99
Destabilizes CRP Subunit Associati@RP structure changes
occur as the result of cAMP binding. One hallmark difference
between apo-CRP and the CRP:cAMP complex is hinge-
region susceptibility to proteasé, 6, 9, 21, 30, 32). Apo-

CRP is protease resistant. In the presence of CAMP, subtilisin
cleaves WT CRP to a heterogeneous population-cbre
fragments. These core fragments share a common N-terminal
, ) ) , .~ amino acid sequence and, depending on the reaction condi-
theoretical maximurm of 50%. Third, time course _studles tions, have C-tqermini betweenpaminogacid residues 116 and
show that radiolabled MVRRASV-CRP-RS subunits ex- 141 g9 32) Under the conditions utilized in our study, the

change with a half time of5 h (data not shown), results WT a
. : : po-CRP and Y99F apo-CRP were found to be protease
consistent with those reported for WT CRP. (More detailed esistant. In contrast, the Y99A apo-CRP was protease

characterization of the subunit assay is beyond the scope ofg,itive (Figure 6). YO9A apo-CRP protease sensitivity is

this study and will be presented elsewherg. __not the result of structure changes in Y99A CRP hinge
For the present study, we chose to monitor CRP subunit .yt rmation, There is no evidence to suggest that at early
exchange under conditions that approximate the temperaturg,pation times a short-lived high-mass core fragment is

and buffer conditio_ns the protease dige_stion_ assay. At 26 .04 ced from Y99A CRP by subtilisin, an expected result
C, WT CRP subunits showed a progressive, time-dependenit injeeqd proteolysis was initiated at the hinge. In addition,

exchange that reached a maximum of 5% exchange over §he gno-form of T127C/Y99A CRP, having subunits cross-
2 h period (Figure 8A). This contrasts with the subunit |inyeq through a disulfide bond, was protease resistant.
exchange characteristics of both the Y99F and the YO9A g piilisin produced from the WT CRP:cAMRNd Y99F

CRP which, over th 2 h time course showed 27 and 37% CRP:cAMR complexes high-mass core fragments that
exchange, respectively. The YO9F showed a progressive o minated in the CRP hinge region. In contrast, subtilisin

time-.depenQent increase in heterodimer formation over theproduced from the YO9A CRP:cAMRow-mass core frag-
2-h incubation period whereas the Y99A CRP subunit onis that had C-termini that mapped to dimer interface
exchange was complete in 10 min. Clearly, these results show,

- i L = residues (Table 3). The results of CRP subunit exchange
that amino acid substitution at position 99 affects the rate at

. ) - experiments provide a clear basis for understanding how
which CRP subunits exchange. The results of the subunitgyiisin gained access to C-helix residues buried at the

exchange assay confirm directly the hypothesis that YO9A jerface of CRP subunits in the YO9A CRP dimer; the Y99A
amino acid substitution destabilizes the apo-CRP dimer. The cpp subunit exchange rate is much greater than that

results of Y99A CRP proteolysis suggested that high onqened for WT CRP. The end result of increased exchange
concentrations of CAMP stabilized the YO9A dimer. Indeed, ota is increased C-helix residue exposure to solvent and

the results presented in Figure 8B ShQW that aeBCAMP hence to protease. A schematic representation of the pro-
slowed the rate of Y99A CRP subunit exchange by a factor oo\ sis characteristics of CRP is shown in Figure 9. We
of 5. At 2 mM, cAMP radically slowed the subunit exchange ¢\ ision that two regions exist in CRP that may serve as
rate close to that observed for WT apo-CRP. the initial substrate for protease. The first is located in the
hinge. Protease access to CRP hinge-region peptide bonds
DISCUSSION requires the conformation change induced by cAMP binding.
The characteristics of YO9F and Y99A CRP are similar At a cAMP concentration sufficiently high to promote the
to those of WT CRP. All three forms of CRP are dependent formation of CRP:(CAMP), protease access to the hinge is
upon cAMP to activatdac mRNA synthesis both in vivo  limited. The second initial substrate for subtilisin is located

this we have observed th&t coli 8445 cells that contain
MVRRASV-CRP-RSH display a wild-type phenotype when
cultured in the presence of cAMP indicating that
MVRRASV-CRP-RSH and RNAP interact productively
(data not shown). Second, after incubation at’@7for 24

h, 40-45% of the label contained in MVRRASV-CRP-
RSHy/radiolabled MVRRASV-CRP-RS mixtures bound to
a Ni-chelating column; this level of binding approaches the
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in the CRP C-helix. Protease access to C-helix peptide bondsdecreased the rate of YO9A CRP subunit exchange by a
requires subunit dissociation. factor of 5. We note that at these cAMP concentrations the
The rates of subunit exchange for the three forms of CRP CRP population is-95% CRP:(cAMP). Brown and Crothers
rank, from greatest to least, Y99A CRP Y99F CRP > (7) concluded that cAMP-mediated subunit stabilization was
WT CRP. WT CRP, at 37C, has a subunit association mediated through hydrogen bonding between cAMP bound
constant on the order of $810'° M~* with a half-time of to one subunit with S128 located on the opposite subunit.

5 h. (7). Consequently, at 28C we observed little WT CRP ~ Won et al. (6) have recently published information that
subunit exchange, and hence, little C-helix exposure in the provides an alternative means of stabilizing CRP subunit
1 h incubation with protease. This was not the case for the interactions. There appears to be a significant difference
Y99A CRP, where the rate of subunit exchange was between the apo-CRP and CRP:(cAMPRNge regions. For
sufficiently high to allow, over 1 h, extensive C-helix CRP:(CAMP), the residues that define the C-terminal portion
exposure to protease. The Y99F CRP, while displaying a of the cAMP binding domain and the N-terminal portion of
subunit exchange rate intermediate to those of the WT CRPthe DNA binding domain extend from 13133 (C-helix)
and Y99A CRP, did not produce measurable amounts of thethrough 134-138 (hinge) to 139148 (D-helix) (Figure 1).
low-mass core fragment. In contrast, apo-CRP residues 12133 appear not to

Conclusion 2. Tyrosine at Position 99 Anchors the CRP participate in formingo-helical structure whereas residues
B-Helix to the CRP SurfaceBoth the tyrosine hydroxyl = 134—139 do. This suggests that one consequence of CAMP
group and aromatic ring contribute to Y99 stabilizing CRP binding to apo-CRP is to change the secondary structure of
subunit interactions. The buried tyrosine aromatic ring, it the region including residues 12739, effectively translating
appears, provides stability by anchoring the CRP B-helix to the flexible hinge six residues toward the CRP C-proximal
the protein surface (Figure 1C). Eliminating this tyrosine domain. Such a conformation change would increase the
B-helix anchor by replacing tyrosine with alanine is likely length of the C-helix by 26%, increase the overall surface
to increase B-helix mobility in three dimensions and results area available for CRP subunit interaction, and decrease the
in a large increase in the rate of CRP subunit exchange. rate of CRP subunit exchange.

Eliminating the tyrosine hydroxyl group by replacement  The results of our study also show that at a cAMP
with phenylalanine produced a small increase in the rate of concentration sufficiently high to promote formation of CRP:
CRP subunit exchange. The origin of this contribution is less (CAMP), the Y99A CRP subunits exchanged at a raf0-
certain. Weber and Steits) predicted that Y99 plays arole  fold slower than that measured for Y99A apo-CRP, showing
in stabilizing the cAMP binding pocket through hydrogen- only 15% exchange over a period of 24 h. At 2 mM cAMP
bonding interactions with the carbonyl group of G71 and a the CRP population is calculated to be 56% CRP:(cAMP)
guanidinium nitrogen of R82. Eliminating the potential for and 44% CRP:(cCAMB) We conclude from this that the 2:1
these hydrogen-bonding interactions while maintaining an binding of cCAMP to YO99A CRP provided a greater stabilizing
aromatic ring structure at position 99 may increase B-helix effect on CRP subunit association than did the 1:1 binding
mobility in only one dimension and result in a small increase of CAMP to Y99A CRP. Since the potential to form as many
in the rate of CRP subunit exchange. as four hydogen bonds between cAMP and S128 exists in

Baichoo and Heydukld, 15) provided evidence that the CRP:(CAMP), we predict that, in addition to increased
position of the B-helix changes during the course of ligand subunit surface area, intersubunit hydrogen bonding plays a
binding. In the absence of cAMP, the CRP B-helix peptide major role in stabilizing CRP:(cAMB)subunit association.
bonds are protected from low-mass chemical proteases. In If the Y99 hydroxyl were important in CRP binding cAMP
the presence of cAMP, the CRP B-helix is more solvent we expected to obsenagecreasedcAMP affinity for both
exposed and shows hypersensitivity to [(@R)]". Similarly, the YO9F CRP and the Y99A CRP. We found instead that
the structural organization of the N- and C-proximal ends eliminating the tyrosine hydroxyl group produced a modest
of the C-helix and the entire B-helix changes in response to 2—3-fold increasein CRP affinity for cAMP (Table 2).
CRP:cAMP complex binding to DNA as evidenced by the Clearly, tyrosine 99 does not play a direct role in cAMP
relatively large change in B-helix peptide bond sensitivity binding by contributing to the binding energy. If, as
to [(OPXCu]" (15). It is tempting to speculate that surface suggested by Weber and Stei#),(the cAMP pocket is
position changes in the B-helix arise directly from tyrosine stabilized by Y99, the Y99 tyrosine hydroxyl determines, in
99 interaction with cAMP and promote positional changes part, the overall structure and rigidity of a ligand binding
in, for example, the CRP C-helix. It is equally likely, pocket that has a defined affinity for cAMP. Removal of
however, that B-helix motions occur in response to more the hydroxyl group may introduce flexibility to the cAMP
generalized structure changes. If this is the case, then itbinding pocket and produce a modest increase in CRP
follows that Y99 anchors the B-helix to the surface of the affinity for the ligand.
protein and provides a point against which ligand-induced In summary, this study was undertaken to test the
B-helix motions may be used to mediate, for example, hypothesis, developed from molecular modeling, that Y99
motions in the C-helix and thereby affect CRP subunit interacts with cAMP in the CRP:cAMP complex. We have
interactions. no experimental evidence to support such an interaction. We

Conclusion 3. CRP:(cAMR)and CRP:(cAMP) Have have, however, established that the amino acid residue at
Different Rates of CRP Subunit Exchandgrown and position 99 plays an important role in determining the rates
Crothers 7) showed that cAMP stabilizes CRP subunit at which CRP subunits exchange. The Y99 aromatic ring
association; at a concentration of 881, CAMP decreased  appears to anchor the CRP B-helix to the surface of the
the rate of CRP subunit exchange by a factor of 4. Similarly, protein. Removing the Y99 hydroxyl group or the aromatic
we show here that at a concentration of @8, cAMP ring increases the rate at which CRP subunits exchange but
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has little effect on CRP function in cAMP or DNA binding
or on CRP-mediated activation &fcP. Our analysis of the
position 99 mutant forms of CRP leads us to conclude that, 11-
in CRP, two substrates for subtilisin exist: hinge region
peptide bonds, and C-helix peptide bonds (Figure 9). CRP
protease sensitivity has been used as a diagnostic tool to 13
monitor changes in CRP structure. This study shows that
care must be taken in interpreting protease digestion results. 14.
One must distinguish the effects of effector binding or amino
acid substitution (i.e., CRP*, rdf) on CRP hinge conforma-
tion that leads to protease cleavage of hinge-region peptide
bonds from protease cleavage of C-helix peptide bonds that
results from increased rates of CRP subunit exchange.
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