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ABSTRACT

STRUCTURE AND FUNCTION OF A MUTANT OF THE CYCLIC AMP
RECEPTOR PROTEIN: CRP*598

by

Yun-ling Ren
Adviser: Joseph S. Krakow

The cAMP receptor protein (CRP) acts to modulate the expression of a large
number of E. coli genes. Binding of cAMP involves a conformational change in CRP
.with a resultant increase in the affinity and specificity for specific promoter-associated
sites; unliganded CRP binds nonspecifically to DNA. CRP is composed of two
identical subunits. The CRP monomer has a two-domain structure in which the large
N-terminal domain is responsible for cAMP binding and subunit-subunit interaction
and the smaller C-terminal domain is involved in DNA binding. One CRP mutant,
CRP"598 (Arg-142 to His, Ala-144 to Thr), has been characterized with regard to its
conformational properties and ability to bind to and support abortive initiation from
the Jac promoter. In the absence of cAMP, CRP°598 shows a more open
conformation than CRP, as indicated by its sensitivity to proteolytic attack and by
5,5’-dithiobis(2-nitrobenzoic acid)-mediated subunit crosslinking. CRP°598 can

activate Jac P*-directed abortive initiation in the presence of cAMP and less



v
efficiently in the presence of cGMP or in the absence of cyclic nucleotide. DNase
I protection indicates that cAMP-CRP*598 and cGMP-CRP’ form a stable complex'
with the [;’ZP]]ac P+ fragment only in the presence of RNA polylﬁerase, showing
cooperative binding of two heterologous proteins. This cooperative binding provides
strong evidence for a contact between CRP and RNA polymerase for activation or
transcription. The binding of cAMP and cGMP to CRP and CRP*598 have been
determined. The results indicate that the affinity of CRP and CRP*598 for cGMP |
.is relatively unchanged while the affinity of CRP°598 for cAMP is approximately
twenty times greater than that shown by CRP. Binding of cAMP by CRP and cGMP
by CRP or CRP"598 exhibits slight nevgét.ive cooperativity. The major difference seen
is that CRP‘598 binds cAMP with strong positive cooperativity. The positive
cooperativity observed for binding of cAMP by CRP°598 may be a consequence éf
effects modulated by altered subunit contacts and/or interdomain contacts. Three
anti-CRP’598 mAbs have been chéracterized. The dissociation constants for anti-
CRP and anti-CRP°598 mAbs to CRP and CRP*598 are determined in the presence
and absehce of cyclic nucleotides. The results indicate that Né-butyryl-cAMP induces

conformational change of CRP/CRP*598 different from cAMP.
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INTRODUCTION

The mechanism of transcription activation has been one of the most
predominant questions for the last fifty years since the finding of catabolism inhibition
by gl'ucos.e (Epps & Gale, 1942; Monod, 1947). The cyclic AMP receptor protein
(CRP), also referred to as the catabolite gene activator pfotein (CAP), is one of the
regulatory proteins involved in the regulation of transcription in E. coli  The
following is a study about the relation of structure to function of CRP.

CRP is a dimer of 45,000 Da composed of two identical subunits wi.th‘209
amino acid résidues m each (Anderson et aI., 1971; Aiba et al, 1982; Cossart &
Gicquel-Sanzey, 1982). The complete amino acid sequence has been deduced from
the nucleotide sequence of the cloned CRP gene (Figure 1; Aiba er al, 1982). Like
several other DNA binding regulatofy proteins, the CRP monomer has a two-domain
structure. The larger N-terminal domain is responsible for cAMP binding. It shows
homoldgies in amino acid sequence with the regulatory subunit of the mammalian
cAMP dependent protein kinase (Weber et al, 1982; 1987). The smaller C-terminal
domain is invoived in DNA bihding (Krakow & Pastan, 1973; McKay et al, 1982).
It shows structural (Steitz et al., 1982) and sequence (Matthew et al, 1982; Sauer et
al., 1982; Weber et al., 1982) homologies with several other gene regulatory proteins
such as cro repressor, cl, and /ac repressor. | |

The structure of the CRP-cAMP complex has been determined at 2.5 &

resolution (Figure 2; Weber & Steitz, 1987). The crystals of the CRP-cAMP complex
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show an asymmetric conformation of the two subunits. In each subunit, the large
domain e#tends from amino acid 1 to 129 and the smaller domain continues from
* amino acid 139 to 209. The two domains are connected by a "hinge" regio.n which
comprises amino acids 130 to 138. The relative orientation of the two domains
differs in each subunit. The two domains are further apart in one subunit than in the
other, resulﬁﬁg in a more "open" conformation for one subunit and a mofc-; "closed"
conformation for ti)e other. The major fegture of each N-terminal domain of CRP
is the antiparallel 8 roll structure that includes residues 19 to 99. This is a compact
structure with very few excursions from the eight hydrogqn-bonded B-strands. |

cAMP is bound between the two long C.a-he'lices and the pocket formed by
residues from the 8-roll. The two molecules of cAMP are deeply buried within the
CRP dimer in an anti conformatiqn. Each part of the cAMP molecule makes specific
interactions with the protein and is stabilized by hydrogen bonding and nonpolar
interactions. The phosphate grouﬁ of cAMP interacts with Arg-82 and Ser-83; the
ribose 2’- OH forms hydrogen bond interactions with Glu-72 and Gly-71. The
adenine 6-amino group forms hydrogen bonds with the OH of Thr-127 from the C
helix ?n’the same subunit, and the OH of Ser-128 from the C helix in the other
subunit (Weber & Steitz). This arrangement provides an opportunity for a
cooperative binding of 2 cAMP molecules per CRP dimer (Takahashi et al, 1980).
~ The interactions between CRP and cAMP are also in good agreement with those

from the binding of various cAMP analogs (Anderson et al,, 1972; Scholubbers et al,

1984).
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Many intersubunit interactions occur between the two long C helices, because
they are in contact with each other for most of their length. There are three
hydrogen bonds formed symmetrically between the two subunits. Two of them are
between the 6-amino groups of the two cAMP molecules and the side-chains of Ser-
128 of the adjacent subunits; and the other one is between the two Ser-117 side-
chains. The interaction between cAMP and both C helices suggests that subunit
interactions may play an important role in the allosteric effect of cAMP binding.

The "hinge" region has distinctly different conformations in the two subunits.
Thére are hydrogen bonds between: Leu-134 C=0 and Arg-142 NH, of the D helix,
and Asn 133 NH, ax'ld GIn 145 OH of the D helix. The side-chains of the D helix
and the hinge tend to "pin” the D helix closer to the hinge. There are also other non-
covalent interdomain interactioﬁs between 3-5 and helix E.

The most interesting characteristic of the DNA binding domain of CRP is a
helix-turn-helix structure which has been observed in a large number of bacterial and
viral gene regulatory proteins (Matthew et al, 1982; Sauer et al, 1982; Weber et al,
1982). The F a-helices are e@osed on the surface of the CRP dimer and their axes
run approximately parallel to each other. Several polar side-chains from the F a-
helices are available for interaction with DNA. Arg 169 from the E helix and Arg
180, Arg 185 and Lys 188 from the F helix, are positively charged and contribute to
the eléctrostatic attraction of CRP and DNA.

Although the conformation of CRP in the absence of cAMP has not been

determined, various lines of evidence indicate that CRP undergoes a conformational
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transition on binding cAMP (Krakow & Pastaﬁ, 1973;. Eilexi et al., 1978; Wu et al,
1978; Kumar et al, 1980; Eilen & Krakow, 1977; Ebrighi et al, 1985). The sensitivity
of CRP to proteases is much higher in the presence of cAMP (Eilen et al, 1978);
dithiobis-(2-nitrobenzoic acid) mediated cross-linking between Cys 178 of each
subunit is remarkably enhanced in the presence of cAMP (Eilen & Krakow, 1977).
Smal]-aﬁgle X-ray scattering experiments detect a decrease of 4.0 A in the radius of
gyration of éRP upon binding to cAMP (Kumar et al, 1980). In the crystal structure,
cAMP is bound deeply within the CRP dimer. Therefore ‘it cannot enter its binding
site without rearrangement of the protein.

Another char.lge~ of CRP elicited by the binding of cAMP is an increased
affinity for specific DNA sites (Weber & Steitz, 1984; Takahashi et al, 1979) which
will be discussed later.

A group of cAMP analogs has been identified with regard to binding to CRP,
induction of the conformational charge in CRP, and activation of transcription
(Ebright et al, 1985). These analogs with monosubstitutions at the N-6 or C-2
positions in the purine bind to CRP with a comparable affinity as cAMP and produce
the same effects on proteolysis and disulfide cross-linking. However, they fail to
stimulate binding to DNA and to activate transcﬁption in vitro. cAMP must
therefore induce additional cdnformational changes which this group of analogs is
unable to produce.

In E. coli, CRP acts to modulate the expression of a large number of E. coli

genes (Adhya & Garges, 1982; Uliman and Dauchin, 1983; and de Crombrugghe et
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al, 1984) with a resultant increasg in the affinity and specificity for specific promoter-
associated siteﬁ. Unliganded CRP binds -nonspecifically to DNA. The specific DNA
sites bound by the CRP-cAMP complex are located at or near a trénscription start
site and acts to modulate transcription initiation. The different CRP binding sites on
promoters which are regulated by CRP have been characterized (Crombrugghe et al,
1984). The CRP binding regions are located upstream of the transcription start
point. The size of the DNA fragment protected by CRP against deoxﬁibonuclease
attack is approximately 25 base pairs (Simpson, 1980; Taniguchi et al, 1979; Ogden
et al, 1980; Lee et al., 1981). Tﬁc distance between the transcription start point and
the CRP binding site is different for different promoters (Crombrugghe et al, 1984).
At the Jac promoter, CRP binds the sequence between -50 to -75 base pairs. Within
the CRP binding sites, the SSTGTGA 3’ sequence is critical and highly conserved
between different sites. In the case of Jac, a second sequence, less well conserved,
containing an inverted repeat of the TGTGA motif is located 6 bp downstream of the
TG'I"GA motif, generating a twofold symmetry in the DNA sequence. Because one
CRP dimer binds at each /ac promoter (Garner & Revzin, 1982) it is likely that the
subunits of the dimer are arranged in such a way that they each recognize one of the
two symmetrically arranged elements at each binding site.

CRP belongs to a superfamily of DNA .binding proteins which recognize a
- DNA sequence using the. heliﬁ-tum—l&e]ix motif. In this way, the E helices are
perpendicular to the DNA backbone. The F helices protrude out in parallel, being

separated by about 34 A, and penetrate two successive turns of the major groove of
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the right handed 8-DNA on the same surface. A model for the DNA-CRP complex
first was proposéd by McKay et al (1981,1982). It was suggested that because the
relative orientation of the two F helices is complementary to two successive n;ajor
grooves of left-handed 8-DNA, CRP binds to left-handed B-DNA. If the DNA at the
CRP target site was left-handed, the binding of cAMP-CRP to closed circular DNA
should greatly c':hange its linking number when the DNA is nicked. In fact, this was
not found (Kolb & Buc, A1982). Therefore, an alternative model was constructed in
which right handed B-DNA was oriented on the helix-turn-helix of CRP by
electrostatic complementarity (Steitz et al, 1982; Weber & Steitz, 1984). This model
proposed that the N-terminal part of the F a-heﬁces enters two successive major
grooves of the right handed-DNA in a way that is similar to the interaction of helix
"3" of the lambda repressor. For the lambda cI repressor the orientation of helix "3"
is thought not to be exactly parallél to the path of the major groove. The two
symmetrical helices "3" of the cI dimer cannot be fit completely in two successive
major grooves, mainly because the carboxyl-tefminél part ;)f these helices does not
protrude enough from the surface of the protein. In the case of CRP a similar
arrangement would allow interactions for about 8 to 9 bp in a region of 14 bp,
shorter than the CRP binding site. However, a bend in the DNA would provide an
opportunity for additional contacts with the DNA backbone. Evidence for CRP-
cAMP induced DNA bending in the binding site has been obtained (Kolb et al, 1983;
Wu & Crothers, 1984; Liu-Johnson et a].,1986).. Since a CRP binding site of at least

28 bp is required for full affinity, it was considered that DNA is bent between 90° and
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180° and CRP has a strong .dist'al bindiné domain (Liu-Johnson et al, 1986). Other
models suggest that CRP may bend its DNA binding site by as much as 150°
(Warwicker et al, 1987). Most recently, co-crystallization of cAMP-CRP with 29 and
30 bp DNA sequences has been obtained (Schultz et al, 1990). More details about
the interaction between DNA and CRP-cAMP are expected to be forthcoming.

An interaction between CRP and DNA may change thé conformation of CRP
as well. For example , in the presence of calf thymus DNA or polydeoxynucleotiaes,
CRP without cAMP ~becc;rnes sensitive to trypsin (Angulo & Krakow, 1986); in
contrast, the CRP-cAMP-DNA complex becomes resistant to trypsin, Staph. aureus
V8 protease, and subtilisin (Angulo & Krakow, 1985).' Takahashi et al (1980)
demonstrate.d By equilibrium dialysis that calf thymlis DNA changes cAMP binding
from negative cooperativity to positive cooperativity and increases the affinity of
cAMP for CRP. These experiments suggest that i)NA binding to the C-terminal
domain could induce an allosteric effect on CRP. It is assumed that there is a second
conformational change when CRP-cAMP binds to DNA. This change may be
required for CRP to activate transcription (Adhya & Garges, 1990).

The mechanism of the transcription activation caused by the binding of CRP-
cAMP to DNA is not yet clear. However, the following effects are considered to be
related to CRP-cAMP binding and transcription initiation: first, in the presence of
the CRP-cAMP complex, the affinity of RNA polymerase to the Jac pronioter is
increased by 20-fold, in terms of the Kp, the association constant of the formation of

the closed promoter, than in the absence of the CRP-cAMP complex (Malan et al,
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1984). the CRP-cAMP complex also increases the occupancy of RNA polymerase
on the promoter by blocking competing and ovérlapping promoter sites (Hawley et
é]., 1582; McClure et al, 1982); second, CRP-cAMP induces bending in DNA; ihird,
a physical interaction between the CRP-cAMP complex and RNA polymerase occurs
when they act on the Jac promoter. The interaction between the two heterologoﬁs
prdteins results in cooperative binding that has been demonstrated as following: I,
In a mutant Jac promoter (L8, UV5), in which the CRP binding site is weakened but
formation of the RP, can occur in the absence of CRP, CRP-cAMP forms a stable
complex with DNA only in the presence of RNA polymerase (Li & Krakow, 1988).
I1, In the wild type Jac promoter, neither RNA polymerase nor a .cAMP-independent
CRP* mutant (CRP°598) binds to DNA separately, but both bind normally when
present together (Ren et al, 1988). III, RNA polymerase in its primary complex with
CRP-cAMP and the Jac promoter confers stabilization of CRP against dissociation
from the DNA compared with thé CRP-cAMP-/ac promoter.complex lacking RNA
polymerase. Straney et al(1989) showed that the extra stabilization by RNA
polymerase is lost if half a helical DNA turn is inserted be'twee'n the CRP binding site
and RNA polymerase binding site and is partially restored if a full DNA turn is
introduced. Presumably a half-helical turn distorts the angular orientation between
bound CRP and RNA polymerase favo;able for contact whereas a full turn restores
the contact (Straney et a].,. 1989). A direct interaction between CRP and RNA
polymerase has been sugéested by co-sedimentatioﬁ dﬁring ultracentrifugation (Blazy -

et al, 1980); the binding Kp between CRP-cAMP and RNA polymerase is about 3
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x 10 M. under physiological conditions without DNA present shown by using of
fluorescein-labeled CRP (Pinkney & Hoggett, 1988).

Construction of CRP mutants is another approach to study the relation of
structure to function of CRP. CRP* mutants which allow the mutant CRP to function
in the absence of endogenous cAMP have been isolated and characterized by several
groups (Sander & McGeoch, 1973; Dessein et al,, 1978; Harman & Dobrogoz, 1983;
Garges & Adhya, 1985; Aiba et al, 1985; Blazy & Ullmann, 1986). Since most of
these mutations are at the interface between the two domains of the CRP monomer,
Garges and Adhya (1985) proposed that domain-domain reorientation is part of the
conformaiiqnal change caused by cAMP binding. cAMP aligns the subunits of a CRP
dimer by contacting the large domains of both subunits at the middle of a-helix C.
These contacts transmit a change to residues at the end of a-helix C which interact
with residues at the amino terminus of a@-helix D in the small domain. This alters
the relative orientation of the large and small domains by changing the angle between
. a-helices C and D. This combination of motions ultimately orients the two a-helices
F to form the proper specific DNA binding surface. The CRP® mutant partially
mimic this conformation, because of the introduction of bulkier side chains of the
residues on a-helix D that reorient the a-helices in approximately the right way. The
enhancement of the activity of CRP* by cAMP or cGMP suggests that a further
conformational change is necessary to complete the allosteric transition.

One of the CRP* mutants, CRP*91, in which Ala-144 is substituted by Thr-144

has been crystallized with cAMP under the conditions as used to crystallize the wild
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type CRP-cAMP complex (Weber et al, 1987). Analysis of X-ray diffraction data of
CRP'91 at 2.4 & rcé’oiﬁtion indicated that the structures with bound cAMP of both
vﬁld type and mutant are very similar overall. 'However, small changes associated
with the DNA-binding domains have been found.. Concerted movements occur in the
residues of the'hihge between the two domains of the closed Subunit, in the adjacent
loop of 8-4 to B-5 in the open subunit, and in the turn between the DNA-binding E
and F helices in both subunits. Furthermore CRP*91 exhibits half-maximallactivation
of transcription at a concentration of cAMP that is approximately 40-fold lower than
required by wild type (Harman et al, 1986). Unlike wild type CRP, CRP"91 also can
be activated by adenosine although .the concentration of adenosine required is 20,000
times greater than that of cAMP (Vaney et al, 1989). The crystal structure of
CRP*91 with one adenosine substituting for one of the two cAMP binding sites
(CRP°91A) has been determined by Vaney et al (1989). Differences observed
between CRP'91 and CRP'91A are of the same magnitude as the differences
between CRP'91 and wild type CRP (Weber et al, 1987).
The mutations exhibiting a CRP® phenotype occur widely in different parts of
‘the CRP molecules. Substitutions in the 4, 5, 6, 7; 11 B-strand and C, D, E a-helix
have been reported (Garges & Adhya, 1985; Aiba et al., 1985; Harman et al., 1986).
Many occur in the D-helix (residues 140-151), such as residues 141, 142, 144, and 148,
suggesting that this helix is apparently important for activation of CRP by cAMP. The
location of D-helix near the hinge also suggests that the D-helix plays a role in

allosteric change when cAMP binds to CRP, since the Ser-128 and Th_r-127 in C-
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helices that precede the hinge form hydrogen bonds with cCAMP. More interestingly,
when other mutations l(Thr-127 to Ala or Arg-169 to'_ Cys, Glu-171 to Gly) are
introduced into CRP* 141 or CRP" 144 mutants, these cAMP-independent mutants
become cAMP-dependent (Garges & Adhya, 1988).

Irwin and Ptashne (1987) have isolated another group of CRP mutants (Gln-
170 to Lys; Glu-171 to Lys; Glu-171 to Gln) that are analogous to the A repressor
positive control (pc) mutants. These CRP mutants bind DNA but are defective in
stimulating transcription at the ga/ P, promoter. These mutants are also altered in
positive control at the Jac and malT promoters. Like A repressor, they suggested, the
surface of CRP that wéuld most likely contact RNA polymerase at the gal/ P,
promoter is in the E a-helix. The contact of the two proteins would facilitate —
formation of RP,.

Mutations in the cAMP binding site or DNA binding site of CRP have also.
been studied (Gronenborn et al, 1988; Ebright et al, 1987; 1990; Zhang & Ebright,

1990). The Arg-82 - Leu mutant does not bind cAMP at all; Ser-83 - Ala, Ser-83
- Lys, Thr-127 - Ala or Ser-128 -» Ala mutants bind cAMP similarly to the wild type;
Ser-67 - Ala mutant binds cAMP better than the wild type (Gronenborn et al, 1988).

This study gives information about functional amino acids in the cAMP binding
"pocket.". Mutation of Glu-181 ( Ebright et al., 1987) and Arg-180 (Zhang & Ebright,
1990) in the F a-helix alters the DNA sequence specificity of CRP. Lys-188 does not
directly contact the DNA binding site (Ebright et al, 1990).

Although CRP has been studied extensively based on biochemical, genetic, and

X-ray crystallographic analyses, an understanding of the relation between the
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strucfure of cAMP-CRP-promoter complex and mechanism of transcription _activétion
are still lacking. The molecular nature of ¢AMP induced activation of CRP remains
a question since the crystal structure of unliganded CRP or CRP mutants are not
available. It is assumed that DNA bending participates in transcription activation by
facilitating additional protein-DNA or protein-protein contacts required for the
initiation of transcription or that bending provides an additional DNA site that could
'contact with RNA polymerase tb stimulate transcription (Plaskon & Waﬁell, 1987,
Bracco et al.,, 1989). However, these hypotheses need to be proved.

The study of cAMP induced transcription activation involves a variety of basic
' topics, .such as protein-protein interac;tions, pfotein—DNA interaction, protein
conformation, and DNA conformation. For each step of transcription initiation, there

are still many biochemical details to be explored.

In this dissértation, one CRP mutant, CRP*598 (Arg-142 to His, Ala-144 to
Thr) was characterized with regard to its conformational properties, ability to bind
to and support abortive initiation from the /ac promoter, and the nature of cyclic
nucleotide binding. Effects of anti-CRP or anti-CRP*598 monoclonal antibodies on
functions of both type of .CRP were investigated. The relation of conformation and

function is discussed.
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MATERIALS AND METHODS

Materials. Reagents were obtained as follows: cAMP, QGMP, adenosine, 8-

bromo cAMP, S8-methylamino cAMP, Né-butyryl cAMP, Né,0%-dibutyryl cAMP,
~ cIMP, cCMP, i’-deoxy cAMP, 2-deoxy c¢GMP, 5-AMP, ATP, Adenylyl(3-
5)adenosine, bovine serum albumin, Proteases, calf thymus DNA, 4-°
methylumbelliferyl B-D-galactopyranoside, 5-bromo-4-chloro-3-indolyl-phosphate,
heparin, pronase, nitro blue tetrazolium, PMSF, B-mercaptoethanol, N -'
ethylmaleimide, dithidnitrobepzoic acid, lysozyme, p-nitrophenylphosphate, toluidine
blue, DNase I and Freund’s complete and incomplete adjuvant, Sigma; [3H]-cAMP,
[*H}-cGMP, [*H]-UTP, [**P]dATP, and Ecolume, ICN; DNA polymerase I Klenow
fragment, EcoRI and Pvull restriction ;:ndonucleases, Boehringer Mannheim;
ZetaChrom 100 capsule SP, CUNO, Inc. (Meriden. CT); Sephacryl 200‘, S Sepharose
Fast Flow, Pharmacia; polymin P, Gallard Schlessinger (Carle Place, NY);
N,N,N’N’-teramethylethylenediamine, and bisacrylamide, Bio-Rad; acrylamide, Serva
(Heidelberg); goat-anti-mouse-IgG-B-'galactosidase, Hyclone; goat-anti-mouse-IgG-
phosphatase, Kirkegaard & Perry Laboratories Inc; non-fat milk, Carnation
Company; Tween 80, J. T. Baker Chemical Co.; fetal calf ‘seru.m, Sterile Systems
Inc.; Dulbecco,s modified Eagle"s medium, GIBCO; PEG 4000, E. Mérck Inc.;
Protein A-Sepharose, Pharmacia; PolyBlot, ABN; MicroFluoro™ "B" ﬁat-bottom

plates, Dynatech Laboratories, Inc; mice were obtained from Jackson Laboratories.
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Protems. CRP was purified from an E. coli strain containing the recombinant
plasmid pHA7 (Aiba et al, 1982) donated by H. Aiba (University of Tsukaba, -
Ibaraki, Japan). CRP°598 was purified from an E. coli strain containing the
recombinant plasmid pZ598 (Garges & Adhya, 1985). CRP and CRP’598 were
purified by the method of Eilen et al (1978) with the following modifications. After |
lysis, p-olymin.P addition and centrifugation, the supernatant is adjusted to pH 6.5
with 1 M acetic acid and loaded onto a ZetaChrom SP-100 capsule (equilibrated with
50 mM sodium phosphate (pH 6.5), 0.1 M DTT, 0.1 mM PMSF and 5% glycerol).
After washing the capsule with the eqﬁilibration buffer, CRP orCRP°598 is eluted
with 300 mL of 50 mM sodium phosphate (pH 7.5), O.S.M NaCl], 0.1 mM DTT, 0.1
mM PMSF, 5% glycerol. Fractions of 10 mL are collected and assayed for
[*H]JcAMP binding. The most active fractions are pooled and precipitated by addition
of ammonium sulfate to 60% saturation at pH 6.8. After 30 minuies (or overnight)
the protein is collected by centrifuging at 12,000 rpm for 20 minutes and the
precipitate is dissolved in 5 mL of 20 mM sodium phosphate (pH 6.8), 0.1 mM DTT
and 5% glycerol. Chromatography oﬁ Seéhacxyl 5-200 is carried out as given in Eilen
et al. (1978). Fractions containing CRP are pooled and precipitated with ammonium
sulfate (60% saturation at a pH of 6.8-7.0). After 30 minutes (or overnight) the
protein is collected by centrifuging at 12,000 rpm for 20 minutes. The precipitate is
dissolved in 100 mL of buffer A: 20 mM sodium phosphate (pH 6.8), 0.1 mM DTT,
1 mM EDTA and 5% glycerol and loaded onto a column of S-Sepharose Fast Flow

(bed volume = 60 mL) equilibrated with Buffer A. After wéshing the column with
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100 mL of Buffer A, ‘a linear gradient is run with 400 mL Buffer A and 400 mL
Buffer A + 0.5 M NaCl. Before pooling, the purity of the fractionscontaining CRP
or CRP’ is assessed by SDS-polyacrylamide gel electrophoresis. The concentration
of CRP and CRP’ was determined using the following extinction coefficient:
A% peem = 9.2 (Takahashi et al, 1980).

RNA polymerase was isolated form E. coli K12 by a modification of the -
method of Burgess and Jendrisak '(1975).' RNA  polymerase holoen@me |
concentration was determined using the following extinction coefficient: E%,5y,, =

6.7 (Levine et al.,1980)

DNA Fragments. E. coli containing the /ac P* promoter cloned into pMB9 by Dr.
S. Fuller was obtained from Dr. A. Revzin (Michigan State University, East Lansing).-
Plasmid DNA was prepared by a modification of the method of Marko et al. (1982).
The 203 bp fragment containing the /ac P* promoter was excised by digestion With
EcoR1 and purified by polyacrylamide gel electrophoresis. DNA concentrations were
determined fluorometrically using ethidium bromide by the method of Le Pecq and

Paoletti (1966).

Preparation of Labeled /Jac P* DNA. The reaction mixture contained (final volume
50 wL): 50 mM Tris-HCl (pH 7.5), 10 mM MgCl,,. 100 mM NaCl, 1 mM
dithiothreitol, 100 xCi [*?P]dATP (600 mCi/mmol), 4 ug lac P* DNA fragment and

5 units of DNA polymerase I Klenow fragment. After 15 minutes at room
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temperature, 10 uL of 0.65 mM dATP was added and the incubation was continued
for an additional 15. minutes. The reaction was terminated by addition Aof 200 pL of
a solution which contained 3 M ammonium acetate and 30 mM EDTA. The labeled
DNA was precipitated by addition of two volumes of 95% ethanol and the [*P]lac
DNA was dissolved in 50 uL of 10 mM Tris-HCl (pH 8.0), 50 mM Nad(l, 10 mM
MgCl; and 1 mM dithiothreitol. The labeled fragment was then restricted with 35
units of Pvull to cut the DNA at -123 yielding promoter fragments uniquely labeled
on the upper strand. The restricted [*2P]lac P* DNA was precipitated with ethanol

and dissolved in 140 uL of TE buffer.

Abortive Initiation Assay. A modification of the abortive initiation assay of Malan et
al. (1984) was used to determine the effect of CRP‘.on CRP-dependent transcriétion
from the /ac promoter. The reaction mixture contained (final volume 50 uL): 40 mM
Tris-HCl (pH 8.0), 100 mM KCl, 10 mM MgCl,, 1 mM dithiothreitol, 5% glycerol,
the indicated concentration of cCAMP or cGMP, 2 nM Jac P* DNA fragment and 40
nM RNA polymerase holoenzyme to which was added 20 nM CRP or CRP". After

incubation at 37°C for 10 minutes, 0.5 mM ApA and 50 nM [FHJUTP (9200
| cpm/pmol) were added. The reaction was allowed to proceed for 15 minutes at 37°C
when it was terminated by addition of 10 uL 0.5 M EDTA. The radioactive products
were resolved by paper chromatography in WASP solvent (McClure et al, 1978).
After cutting the chromatography strip into 1 cm segments the amount of ApApUpU

synthesized was determined by counting appropriate segments in Ecolume.
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Assays for Cyclic Nucleotide 3inding. Binding of cAMP or cGMP wés measured by
equilibrium dialysis and ammonium sulfate precipitation methods.

(A) Equilibrium Dialysis. The experiments were performed essentially as
described in Takahashi et al. (1980) using a Hoefer EMD101 apparatus. The binding
assays were performed in a mixture containing: 40 mM Tris-HCl (pH 8.0), 0.4 M
KC],‘ 1mM DTT and 1 mM EDTA and 4 to‘ 6 #M CRP or CRP"598. The
concentration of [*HJcAMP (125 cpm/pmol) was varied from 2 x 106 Mto 4 x 10‘.‘1 M
for CRP and from 2.5 x 10" M to 5 x 10° M for CRP'598. The concentration of
[FH]cGMP (200 cpm/pmol) was varied from 4 x 10 M to 4 x 10+ M for CRP and
CRP"598. The dialysis membranes (Spectro/Por 2) were boiled for 5 min in 5%
(w/v) sodium bicarbonate containing 50 mM EDTA and then rinsed with deionized
water. [*H]JcAMP solution (0.2 mL) was introduced into one half-cell and CRP or
CRP’ solution (0.2 mL) into the other cell. Dialysis was allowed to occur at 4°C for
12 h. Two samples (20 u.L). from each half-cell were added to scintillation vials
containing 5 mL of Ecolume and counted.

(B) Ammonium Sulfate Precipitation. The binding assays were performed in
a _rg:aciion mixture containing (final volume 100 pL): 40 mM Tris-HCl (pH 8.0),
0.4 M KCl, 1 mM DTT, 1 mM EDTA, 50 ug casein and 2 uM CRP or CRP"598.
The concentration of [PH]cAMP (283 cpm/pmol) was varied from 5 x 10" M to
1x 10*M for CRP and from 1x 107 M to 2.5x 105 M for CRP'598. The
concentration of [*’H]JcGMP was varied from 1 x 104 M to 1.5 x 10* M for CRP and

CRP"598. After 30 min at 0°C, 0.6 mL of a solution of saturated ammonium sulfate
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(pH 8.0) was added and after 30 min at 0°C thé samples were centrifuged at
10,000 rpm for 5 min. The supernatant was renio‘}ed by aispiratioﬁ and the pellets
were dissolved in 500 u.L. of water. Radioactivity was determined by counting in
5 mL of Ecolume. Blanks lacking CRP or CRP" were run at all cyclic nucleotide
concentrations and the values were subtractea from the test samples.

(C) Assay for examining effects of the mAbs. The CRP/CRP'598 and
antfbodxfes were preincubated in a reaction mixture containing (final volume 50 uL):
40 mM Tris-HCl (pH 8.0), 0.1 M KC], 1 mM dithiothreitol, 1 mM EDTA, 100 g
casein, 0.5 uM CRP or CRP*598 and the indicated concentrations of mAbs. After
15 min at 37°C, 50 pL of mixture containing 40mM Tris-HC] (pH 8.0), 0.1 M KC],
1mM dithiothreitol, 1 mM EDTA and 4 uM [3H]-cAMP (266 cpm/pmol) was added.
Aftef 30 min at 0°C, 0.6 mL of a solution of saturated ammonium sulfate (pH 8.0)
was added and after 30 min at 0°C the samples were centrifuged at 10,000 rpm for
5 min. The supernatant was removed By aspiration and the pellets were dissolved in

500 xL of water. Radioactivity was determined by counting in 5 mL of Ecolume.

Competitive Binding Assay. The incubation mixtures contained (final volume
100 pL): 40 mM Tris-HCI (pH 8.0), 400 mM KCl, 1 mM dithiothreitol, 1 mM EDTA,
50 pg casein, 2 uM CRP or CRP"598, 2 uM [*H]cGMP (284 cpm/pmol) and the
indicated analog over an appropriate concentration range. After 30 min at 0°C
600 nL of saturated ammonium sulfate was added. After an additional 10 min at 0°C

the mixture was centrifuged at 10,000 rpm for 5 min. The pellet was dissolved in
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500 uL. H,O and the radioactivity determined in Ecolume. The nucleotide
concentrations were varied as follows: cAMP, 8-bromo cAMP, 8-methylamino cAMP,
Né-butyryl cAMP, N$-OZ-butyryl cAMP from 1x107M to 1x 10+ M; adenosine
1x10- M to 5x 10 M; 2'-deoxy cAMP, 2’-deoxy ¢cGMP, 5’-AMP and ATP, 2 x 102 M.

DNase I Footprinting. | DNase I footprinting .was carried out using incubation
conditions similar to those used for the transcription assay. The standard binding
mixture contained (final volume 50 pL): 40 mM Tris-HC1 (pH 8.0), 100 mM KC1,
10mM MgC1,, 1 mM dithiothreitol, 5% glycerél (the glycerol was added because it
gave clearer protection patterns; in order to be consistent this concentration of
glycerol was also included in the abortive initiation assay), 3 nM [*?P]/ac P* fragment,
120 nM RNA polymerase holoenzyme and the indicated concentration of cAMP or
cGMP and CRP or CRP’. After formation of the complexes for 10 minutes at 37°C,
1 uL of a solution containing 20 ng/mL. DNase I in 20 mM potassium phosphate (pH
6.0), 1 mM EDTA and 50% glycerol was added and incubated for 30 seconds at
37°C. The reaction was terminated by added 200 uL of a solution containing 3.1 M
ammonium acetate (pH 7.6), 25 mM EDTA and 63 ug/mL tRNA followed by phenol
extraction, ethanol precipitation and reprecipitation. After drying the pellets under
vacuum, 10 puL of loading buffer containing 80% deionized formamide, 10 mM
NaOH, 1 mM EDTA, 0.1% bromphenol blue and 0.1% xylene éyanol was added.
The resuspended samples were loaded oﬂ an 8% denaturing sequencing gel according '

to Maxam and Gilbert (1980). After electrophoresis, the gel was autoradiographed
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at -70°C using Kodak XAR-5 film and Cronex H-Plus intensifying screen.

Proteolytic Cleavage of CRP and CRP*598. Mixtures contained (final volume 50 pL):
10 mM Tris-HCI (pH 8.0), 40 mM NaC], 7.5 ug CRP or CRP*598 plus 0.5 mM cAMP
or cGMP as indicated. Following addition of the indicated protease, the mixtures
were incﬁBated at 37°C for the times indicated. The rcactions were términated by
addition of 2.5 pL. 20 mM phenylmethanesulfonyl fluoride. The resultant cleavage
products were resolved by SDS-polyacrylamide slab gel eleétrophoresis (Laemmli,

1970) on a 15 % polyacrylamide gel with a 4.75% stacking gel.

Inter-Subunit Crosslinking Mixtures contained -(final volume 50 pL): 20 mM Bis-
Tris-Propane (pH 8.0), 0.01 mM dithionitrobenzoic acid, 10 ug CRP or CRP”* plus 0.1
mM cAMP or cGMP as indicated. The mixtures were incubated for 15 minutes at
30°C. After the addition of 0.1 mM N-ethylmaleimide, aliquots were added to sample
buffer lacking mercaptoethanol and heated at 100°C for 2 minutes prior to

electrophoresis.

Gel retardation for detecting protein-DNA Complexes. A modified gel
electrophoresis method of Garner and Revzin (1981) was applied. The samples
containing: 40 mM Tris-HCI (pH 8.0), 0.1 M KCl, 1 mM dithiothreitol, 1 mM EDTA,
100 uM cAMP, 0.1 pmol 3*P-labelled J/ac P* and the indicated amount of

CRP/CRP*598 and mAb in a volume of 15 uLL were incubated for 10 minutes at 37°C.
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addition of 2.5 pL 20 mM phenyimethanesulfonyl fluoride. The resultant cleavage
products were resolved by SDS-polyacrylamide slab gel eleétrophoresis (Laemmli,

1970) on a 15 % polyacrylamide gel with a 4.75% stacking gel.

Inter-Subunit Crosslinking Mixtures contained-(final volume 50 pL): 20 mM Bis-
Tris-Propane (pH 8.0), 0.01 mM dithionitrobenzoic acid, 10 ug CRP or CRP" plus 0.1
mM cAMP or cGMP as indicated. The mixtures were incubated for 15 minutes at
30°C. After the addition of 0.1 mM N-ethylmaleimide, aliquots were added to sample
buffer lacking mercaptoethanol and heated at 100°C for 2 minutes prior to

electrophoresis.

Gel retardation for detecting protein-DNA Complexes. A modified gel
electrophoresis method of Garner and Revzin (1981) was applied. The samples
containing: 40 mM Tris-HCI (pH 8.0), 0.1 M KCl], 1 mM dithiothreitol, 1 mM EDTA,
100 uM cAMP, 0.1 pmol *P-labelled Jac P* and the indicated amount of

CRP/CRP*598 and mAb in a volume of 15 uL. were incubated for 10 minutes at 37°C.
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Prior to loading on the polyacrylamide gel 5 uL of dye mix (two parts 50% glycerol:
one part 0.01% bromphenol blue in water) was added.l Eléctrophoresfs was carried
out on a 7.5% polyacrylamide slab gei with a 4% stacking gel. The buffer used was:
90 mM Tris base, 90 mM boric acid, 2 mM EDTA at pH 80 After 1 hour

electrophoresis at room témperature, DNA bands were visualized by

autoradiography.

Western blotting. CRP°598 and its fragments resolved by SDS polyacrylamide gel
electrophoresis were transferred electrophoretically to nitrocellulose membrane
(Sv-endsen et al.,, 1980) using a PolyBlot apparatus purchased from ABN. A strip was
cut from the nitrocellulose membrane for staining with 0.02% toluidine blue to locate
the fragment positions. Before blocking, the membrane was incubated in 0.01%
heparin for 10 min and washed twice with washing buffer. The identification of

antigens on the nitrocellulose membrane was performed according to the method of

Johnson et al. (1984).

Determination of dissociation constants of antigen-antibody complexes in solution by -
indirect ELISA. The conditions for the determination of dissociation constants of
antigen-antibody complexes were originally described by Friguet et al. (1985). ELISA
plates (MicroFlubro "B" flat-bottom plates) were coated with 2 ug of core enzyme in
PBS ovemig'ht'at 4°C. Remaining protein binding sites were blocked by incubation

with 200 pL/well of blocking buffer (PBS containing 0.2% bovine serum albumin,
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0.02% NaN3) for 90 minutes at room temperature. The plates were then washed
three times with the washing buffer (PBS, 0.2% BSA, 0.05% Tween 80, 0.02% NaN 3)-
The antigen (CRP or CRP°598) at the concentrations indicated was incubated in
solution with constant concentration of the antibody at 37°C for 1 hour at 4°C
overnight to reach the equilibrium. 100 gL aliquots were removed from these
mixtures for binding to the plate-immobilized antigen. After the incubation of these
mixture on plates for 1 hour at 37°C, the plates were washed for four times with the _
washing buffer. 100 uL of B-galactosidase-coupled goat-anti-mouse immunoglobulin
(1:1000 dilution in blocking buffer) was added to each well and incubated for 45 min
at 37°C. After being washed for three times with the washing buffer, 100 L of a
substrate solution containing 1 mg/mL of 4-methylumbelliferyl-B8-D-galactopyranoside,
1 mM MgCl,, 10mM potassium phosphate (pH 7.5) was added and the fluorescence

of the product was determined with a Dynatech MicroFluor Reader.

Production of Monoclonal Antibodies. SJL/J female mice were injected with 100 ug
CRP emulsified in Freund’s complete adjuvant. this was followed by three booster
shots of 50 u.é CRP in Freund’s incomplete adjuvant administered at approximately
15 day intervals. Spleens from two mice were removed three days after the final
injection. Fusion of spleen cells and p3x63Ag8.653 myeloma cells (Kearney et al,
1979) was carried but usiﬁg a modification of the method of Oi and Herzenberg
(1980). Cells fused with PEG 4000 were distributed into 96-well Costar plates

containing 2 x 10 mouse macrophage cells per well. The microcultures were
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maintained in DMEM. containing 20% fetal calf serum plus hypoxanthine,
aminopterin and thymidine. The production of antibodies to CRP. was determined
by ELISA (seé below). Positive antibody-producing cultures were subclo.ned three
times by limiting dilution in DMEM containing 20% fetal calf serum and 2 x 10¢
mouse mécrophage cells per well.

Antibodies were prepared from spent media of expanded cultures (200-500
mL) grown to statioﬁary phase. Ceils were removed by centrifugation at 400xg fox;
10 minutes. Immunoglobulin was concentrated by precipitation with 50% saturated
ammonium sulfate, pH 7. After dialysis against 50 mM Tris-HCl (pH 8.6), 15¢ mM
Na(l, 0.02% NaN,, antibody was purified by chromatography on Protein A-Sepharose |
(Ey et al, 1978). Immunoglobulin-containing fractions were concentrated to a
volume of about 1 mL by negative pressure dialysis (Bio-Molecular Dynamics) against
50 mM potassium phosphate (pH 7.5), 150 mM KCl, 0.05% NaN,; (KPK buffer) and
stored in KPK buffer at 0°C. Immunoglobulin cqnceﬂtljation was determined using

the extinction coefficient: E'%.,, = 14.6 (Ey et al, 1978).

Solid Phase ELISA. Costar 96-well EIA polystyrene plates were coated with 0.5 ug
CRP or the indicated fragment in 50 uL PBS (10 mM sodium phosphate, pH 7.4, 150
mM NaCl) by a 3 hour incubation at 37°C followed by incubation overm'ght at 4°C.
The remaining protein-binding sites were blocked by incubation with 200 uL wash
buffer (WB: PBS, 2mg/mL BSA, 0.05% Tween 80, 0.02% NaN3) per well for 90

minutes at 37°C. The plates were then washed twice with WB. Each well then
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received 50 uL of culture supernatant or 0.1 ug mAb in 50 uL PBS plus 2 m_g/mL
BSA and the blatg was incubated for 60 minutes at 37°C. After washing three times
with WB 50 uL of phosphatase-coupled goat anti-mouse immunoglobulin (1/200
dilution in PBS + 1 mg/ml. BSA) was added and incubated for 60 minutes at 37°C.
After washing three times with WB 100 uL of a solution containing 1 mg/mL p-
nitrophenylphosphate in 0.1 M diethanolamine (pH 9.0) plus 2.5 uM MgSO, was
added and incubated for 30 to 60 minutes at 37°C. After addition of 100 L 1 M
NaOH the absorbance at 410 nm in each well was determined using a Dynatech

Microelisa Reader.



. 25
RESULTS

Characterization of CRP*598:

Activation of abortive initiation by RNA polymerase with the /ac P* promoter
réquires CRP complexed with cAMP (Table I). In the absence of added cyclic
nucleotide or in the presence of éGMP, wild type CRP does not affect the basal level
of ApApUpU synthesized in the absence of CRP. In the presence of cAMP,
maximal levels of aboﬁive synthesis are affected by 40 nM CRP and 40 nM CRP’5'98.
The amount of ApApUpU synthesized decreased in the reactions containing cAMP
plus 400 nM CRP or 400 iM CRP"S98. It is possible that this effect seen with the
higher cAMP-CRP or cAMP-CRP* concentration used may be due to binding to the
low affinity CRP Site 2 which overlaps the Jac operator with a consequent inhibition -
- of promoter binding by RNA ﬁolymerase. In the complete absence of cAMP,
CRP"598 was able to effect a low level activation of /ac expression in vivo (Garges
& Adhya, 1985). The data presented in Table I show that unliganded CRP"598 at
both a low (40 nM) and high concentration (400 nM) is able to support the ‘abortive
initiation reaction. In the .presence of cGMP, a further stimulation of CRP°598
activity is obtained. At a concentration of 400 nM CRP*598, abortive synthesis in the
absence of cyclic nucleotide or in the presence of cGMP approaches that of the
maximal level seen in the presence of cAMP. The results demonst}ate that CRP‘598
differs from CRP in its ability to function in the unliganded state or as a cGMP-

CRP"598 complex. Similar resuits have been reported for other CRP* mutants by
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Harman et ‘al. (1986) and Blazy and Ullmann (1986).
DNase I footprinting can provide a direct visualization of the interaction of
CRP and CRP*598 with the CkP binding site in the Jac P* promoter. CRP*598 and
CRP bind to the -80 to -50 bp segment of the [*P)lac P+ fragment in the presence
of 100 uM cAMP (Figure 3, lanes ¢ and g). The characteristic open pronioter
pattern is obtained with both cAMP-CRP and cAMP-CRP’598 on the further
addition of RNA polymerase (Figure 3, lanes d and h). Unliganded CRP at al\
concentration of 400 nM does not show binding to the [**P]iac P* fragment even in
the presence of RNA polymerase .(Figure 3, lane f) or in the presence of cGMP plus
RNA polymerase (data not shown). - |
- The data presented in Table I indicate that CRP°598 supports abortive
initiation in the absence of cAMP or cGMP. The footprint data presented in Figure
4 indicate that CRP"598 at a concentration of 320 nM does not form a stable
complex with the [*?P]lac P* frégment in the absence of cyclic nucleotide (Figure 4,
lane h) or in the presence of cGMP (Figure 4, lane c). In the presence of cAMP, the
characteristic footprint pattern is effected by CRP*598 (Figure 4, lane b); As the
coquptration of CRP"598 is raised from 40 nM to 320 nM, the presence of RNA
polymerase stabilizes binding of unliganded CRP°598 to the [**P]/ac P+ fragment
(Figure 4, 1ane§ ito 1). A similar effect of RNA polymerase in stabilizing binding of
cGMP-CRP°598 to the [3;P]Iac P+ fragment can also be seen (Figure 4, lanes d to g).
cGMP-CRP’598 shows. a somewhat higher affinity than does the unliganded CRP*598

for RNA polymerase-mediated [**P]/ac P* fragment binding. In the presence of
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CRP’598, there is a concomitant stabilization of RNA polymerase binding to its site
in the /fac P* promoter.

Previous studies demonstrated that s;ensitivity to proteolytic attack is a useful
approach for assessing the conformation of CRP (Eilen et al., 1978; Ebright et al,,
1985). Unliganded CRP and cGMP-CRP aré resistant to a variety of proteases;
cAMP-CRP is attacked generating N-terminal cores which retain cAMP binding
aétivity (Eilen et al., 1978). The data presented in Figure 5 show that CRP"598
differs markedly from CRP in its sensitivity to proteolytic attack in the absence of
cyclic nucleotides and in the presence of cGMP. The protease-resistant fragments
genera'ted from CM-CRP and cAMP-CRP’598 are identical. cGMP-CRP‘SéS is
attacked by chymotrypsin (Figure 5, lane b) and subtilisin (Figure 5, lane f), resulting
in the formation of a major core fragment along with a slightly smaller fragment.
Unliganded CRP*598 is more sensitive to attack by chymotrypsin (Figure 5, lane d)
and subtilisin (Figure 5, lane h) and smaller fragments are produced than those
formed in the presence of cAMP or cGMP. We suggest that the initial cutting sites
- appear to be identical o those which are 'accessﬂnle in the cAMP-CRP and cAMP-
CRP*598 and more so in unliganded CRP*598. Earlier results showed that the alpha -
core formed by subtilisin digestion of cAMP-CRP was in a conformational state which
was sensitive to further attack in the absence of cAMP or ¢<GMP (Eilen & Krakow,
1977).

Trypsin digestion of unliganded CRP°598 results in the accumulation of a

fragment smaller than that formed after digestion of cGMP-CRP*598 or cAMP-CRP
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(Figure 6). It is interesting to note that the cAMP-CRP°598 is more resistant to
trypsin than the cGMP-CRP"598 complex. Assay for [*'H]cAMP binding activity after
digestion of unliganded CRP"598 (Figure 7) shows that the CRI;‘S 98 fragment formed
does not bind cAMP. A similar loss of cAMP binding activity was found following
trypsin digestion of DNA-CRP (Angulo & Krakow, 1986).
In the presence of cAMP, redction of the two available sulfhydryl groups (Cys-
178) witﬁ dithionitrobenzoic acid results in the formation of a disulfide bond linking
the two subunits within the CRP protomer (Eilen & Krakow, 1977b). The
conformational change in CRP elicited by cAMP binding is required to bring the two
cysteine residues -into proximify.Q As shown in Figure 8, dithionitrobenzoic acid-
mediated formation of the intersubunit disulfide bond occurs in cAMP-CRP (Figure
8, lane ¢e) but not in cGMP-CRP (Figure §, lane f) or unliganded CRP (Figure 8, lane
g). In contrast, CRP*598 shows significant crosslinking in the absence (Figure 8, land
d) or presence of cGMP (laﬁe c) or cAMP (Figure 8, lane b). The data are
consonant with an altered conformation in CRP*598 allowing the Cys-178 present
between the E and F helices to approach within a distance required for the
dithionitrobenzoic acid mediated intersubunit disulfide interchange reaction. Since
the crosslinking has been demonstrated to occur within the CRP protomer, the results
also indicate that the CRP*598 mutation does not affect the stability of the major

subunit contacts in'tl‘le N-terminal domain of CRP.

Characteristic of binding of cyclic nucleotides to CRP"598:
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Formation of the open complex with the Jac P* promoter by RNA polymerase
requires the coincidént binding of cAMP-CRP to its.promoter-associated site. The
response of CRP and CRP‘598 to cCAMP concentration in the~abortive initiation
reaction is shown in Eigure 9. The data indicate that both forms of CRP respond to
increasing cAMP concentration. However the concentration of cAMP required to
achieve a half-maximal response for supporting abortive initiation by RNA
polymerasé differs by about 11 fold: CRP, 3.2 x 104 M cAMP; CRP*598, 2.8 x 10" M
cAMP.

In order to determine whether the apparent increased affinity for cAMP is an
intrinsic property of CRP*598, direct cAMP binding assays were carried out using
equilibrium dialysis and ammonium sulfat.e précipitation procedures. Scatchard pldts
for binding of cAMP by CRP'598 (Figure 10) obtained by both methods are
indicative of strong positive cooperativity. Under the same conditions wild type CkP
shows a deviation from linearity indicative of negative cooperativity. Takahashi et al
(1980) found that at low salt concentration CRP bound cAMP with négative
cooperativity; as the salt concentration was increased the cooperativity became
progressively positive. The binding mixture used in the present study contains 0.4 M
KCl where cooperativity was not observed by equilibrium dialysis (Takahashi et al,
1980). The value of 1.9 x 10* M for the intrinsic affinity constant, K, for binding of
cAMP by CRP (Table II) is comparable to that obtained by Takahashi et al. (1980):
K= 3.9‘x 10* M., The data obtained for CRP"598 indicate a higher affinity for

cAMP, K = 3.8 x 10° M. In addition, the strong positive cooperativity found for the
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binding of cAMP by CRP"598 is in distinct contrast with the binding ptoperties of
wild type CRP.

Donoso-Pardo et al (1987) have presented evidence indicating tnat the
addition of the ammonium sulfate solution does not markedly disturb the binding
equilibrium. We have found, using ammonium sulfate precipitation, that the high
ionic strength and aggregation alter the binding properties of CRP. The ‘appatent
affinity for cAMP is increasedA to a value similar to that observed with CRP*598. This
increased affinity for cAMP by CRP is not paralleled by a concomitant change in
cooperativity. Under the same assay conditions the binding of-cAMP by CRP‘SQé
showc stt'ong positive cooperativity. | | |

The differential response seen for cAMP binding by CRP and CRP"598 is not
observed for cGMP binding. Binding of cGMP by both.forms of the protein showed
negative cooperativity and similar values for K were obtained (Figure 11) using either
equilibrium dialysis or ammonium sulfate precipitation. The results obtained for the
binding of cAMP and cGMP by CRP and CRP*598 are summarized in Table IL

It has been reported that high concentrations of adenosine were able to
support in vitro transcription from the Jac P* promoter by another CRP* (Harman
et al.,, 1986). The binding of cGMP to CRP or CRP"598 is similar. This provides a
convenient assay for a comparison of the ability of cAMP analogues to bind to CRP
and CRP°598. The data presented in Figure 12 and Figure 13 snow the results of
‘assays for the ability of cAMP and adenosine to displace cGMP from CRP and

CRP"598. The results indicate that displacement of cGMP from CRP"598 occurs at
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lower concentrations of CAMP than are required for CRP (Figure 12). In a similar
| e.xperiment using' adenosine as the competitor the results indicate a much greater
differential affinity of adenosine for CRP‘598 versus CRP. The results establisﬁ the
importance of the adenine moiety for the apparent enhanced affinity for CRP*598.

The binding properties of a series of cCAMP analogues for CRP and CRP"598
~are shown in ’I"able III. The only ligands which show a greater apparent affinity for
CRP"598 relative to CRP are cAMP and adenosine. Vaney et al (1989) showed that
1 mM adenosine can suppoft in vitro lac transcription by another CRP® mutant,
CAP91. The differential binding is not a function of the intrinsic affinity of the ligahd
for CRP or CRP‘598 since 8-bromo cAMP, 8-methylamino cAMP and Né-butyryl
cAMP show.apparent affinities which are comparable to that observed for cCAMP. It
is of interest that Nébutyryl cAMP which has been shown to elicit a conformational
change in CRP (Ebright et al, 1985) éoes noi show any differential affinity for

CRP*598.

Characterization of anti-CRP"598 mAbs:

Nine anti-CRP mAbs have Been characterized before (Li & Krakow, 1985).
For further conformational and functional study of CRP°598, anti-CRP°598 mAbs
were produced and characterized. Figure 14 shows the results of Western blotting
of proteolytic fragments of CRP°598. Digestion by trypsin yields two .N-terminal |
fragments with molecular weights of 14,000 and 10,000 Da. Only mAb AS17A1 is

able to bind to these two fragments (lane.A), indicating that the epitope for mAb
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" A517A1 is located within the N-terminal 10,000 Da fragment while epitopes for mAb
A54D3 and A521C6 are not. Digestion of CRP*598 by Staph. aureus V8 protease
pr;)duces a N-terminal 18,800 Da fragment which is bound by mAb A521C6 but not -
by mAb A54D3 (lane E, D). Therefore, the epitope for mAb A521C6 should be
~ located within the region from 14,000 Da to 18,800 Da. Apparently, the mAb A54D3
épitdpe is within the fragment degraded by the Staph. aureus V8 protease. It is not
present in the C-terminal seven amino acid sequence, because mAb A54D3 is still
able to bind the fragment after carboxypeptidase Y digestion (lane G).

The functional properties of these three anti-CRP"598 mAbs were examined
with regard to their effect on cAMP binding, /ac P*; DNA binding and abortive
initiation. The results are summarized in Table IV. The effects of the mAbs on
cAMP binding were determined by the ammonium sulfate precipitation method.
CRP or CRP"598 were preincubated with the mAbs before cAMP was added. mAb
A54D3 and AS521C6 do not inhibit cAMP binding. In féct, both of them showed
increased cAMP binding with increased mAb concentration (data not shown). mAb
A517A1 inhibits cAMP binding partially at the cAMP concentration used (2 pM).
The effects of the anti-CRP*598 mAbs on binding of cAMP-CRP or cAMP-CRP*598
complexes to lac P*"DNA was determined by gel retardation assay (Garner &
Revzin, 1981). The presence of mAb A54D3 and A521C6 resulted in a complete
inhibition of /ac DNA binding for both CRP and CRP*598 when the molar ratio of
mAbs to CRP or CRP*598 are ten to one (Figﬁré 15, lane d, e, h, i). In contrast,

mAb A517A1 decreases the mobility of the cAMP-CRP-Jac DNA or cAMP-CRP*598-
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* lac DNA complex (Figure 15, lane c, g), indicating that this mAb binds to the cAMP-
CRP-lac DNA or cAMP-CRP*598-/ac DNA complex. This effect is similar to that
of anti-CRP mAb 66Cé and mAb 115D5 on CRP (Li & Krakow, 1988). All three
of the anti-CRP"598 mAbs are inhibitors of abortive initiation under the experimental
conditions used. There are no apparent differences between CRP and CRP’598 in
terms of the effects of anti-CRP*598 mAbs.

In order to examine whether the binding of mAb A517A1 to cAMP-
CRP/CRP;598-Jac DNA complex is able to enhance the binding of cAMP-CRP to Jac
DNA, the following assays were executed: I, in the presence of cAMP, one CRP
mutant, CRP209RD (Arg-209 - Asp), shows a weak Binding to Jac DNA. The anti-
" CRP mAb 66C3, which has been demonstrated to increase the affinity of CRP for Jac

DNA ( Li & Krakow, 1988), strongly enhances the weak binding by the Arg-209 —»
Asp mutant (Figure 16, lane f, g), while mAb A517A1 does not give an obvious

enhancement (Figure 16, lane c, d, e); II, the /ac P* fragment is cut by HpaIIAat -20
bp separating CRP site 1 and site 2 (-10 to +10). Figure 17 shows that cAMP-CRP
* binds to site 1 very well but hardly binds to the Site 2 fragment (lane b). The cAMP-
CRP-mAb A517A1 forms a complex with all of the Site 1 fragment and only little of
the Site 2 fragment (lane ¢, d, e, f). In contrast, cAMP-CRP-mAb 66C3 can form a
complex with most of the Site 2 fragment (lane g, h, i, j). These results indicate that

mAb A517A1 only slightly increases the affinity of CRP for its binding sites. -
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Determination of the dissociation constants for CRP or CRP°598 to anti-CRP or anti-
CRP"598 mAbs: | |
| The dissociation constants were determined by the method of Friguet et al.
(1985). Under the experimental conditions, antigen and antibody complexes are
formed in soiution. Table V presents the dissociation constants of anti-CRP mAbs
for CRP or CRP*598. These mAbs were selected frém nine anti-CRP mAbs (Li &
Krakow, 1985). In the absence of any cyclic nucleotide, the affinities of t.he mAbs for
~ CRP are different from those for CRP*598 with the exception of mAb 64D1. In the
presence of cAMP, affinities for both types of CRP are almost same. mAb 64B4
belongs to a class of mAbs which binds to denatured and native CRP (Li & Krakow,
1985). It has been shown that its epitope is located at the C helix and binds weakly
to CRP in solution (Li & Krakow, 1985). The K, for mAb 64B4 to CRP is (4.8 =
0.23) x 105 M. In contrast, The K, for CRP"598 is (3.3 = 0.24) x 107 M, 10 times
lower than that of CRP. Another distinction between CRP and CRP*598 is that mAb
64B4 does not inhibit cAMP or cGMP binding to CRP but does inhibit binding by
CRP*598 (Figure 18, 19). This suggests that mAb 64B4 acts on CRP°598 in a way
different from CRP. In the presenée of cAMP or Né-butyryl-cAMP, The K, of mAb
64B4 for both of CRP and CRP"598 are over 107, indicating that cyclic nucleotide

binding decreases the availability of the epitope.

Table VI presents the dissaciation constants of anti-CRP*598 mAbs to CRP
- or CRP’598. Similar to the results presented in Table V, CRP and CRP"598 show

different affinities for anti-CRP°598 mAbs in the absence of cyclic nucleotides with
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_virtuall-y the same affinities in the presence of cAMP.

Compared with the K;s of cAMP-CRP/CRP*598 for both anti-CRP and anti-
CRP*598 mAbs, Né-butyryl-cAMP-CRP/CRP598 shows different affinities for these |
mAbs, indicating that effects of Né-butyryl-cAMP on CRP/CRP*598 differ from that
of cAMP. It is interesting to note that for mAb 62D6, mAb 66C3, mAb A54D3 and
mAb A521C6 which have epitopes located in the C-terminal domain, Né-butyryl-
cAMP does not cause any apparent change of their affinities for CRP ane only
changes the affinity of mAb A521C6 for CRP*598. Figure 20, 21, 22, 23 show the
comparision of bmdmg of mAb 62D6, mAb 66C3, mAb AS54D3 and mAb A521C6
to CRP or CRP"598 in the absence or presence of cychc nucleotides. Among these
C-terminal binding mAbs, mAb 62D6 is the one whose Kj to CRP is not changed and
the K, for CRP°598 is changed in the presence of cCAMP compared with the K in the

absence of cyclic nucleotide.



36
DISCUSSION

CRP’598 is a representative of a set of CRP mutants which were predicted to
show a destabilization of the interaction between the large and small domains of CRP
(Garges & Adhya, 1985‘). Unliganded CRP .is in a conformation which is unfavorable
for site specific DNA binding. A conformaﬁonal change occurs~ in cAMP-CRP which -
can be monitoreci by an increased susceptibility to proteolytic attack (Krakow &
Pastan, 1973; Eilen et al, 1978). The conformation established in cAMP-CRP
enables binding to specific promoter-associated sites and the concomitant activation
of transcription from CRP-dependent promotefs. The CRP* mutaﬁts differ in their
ability to activate transcription under conditions where‘CRP is inactive. CRP’ can
activate in vivo lac operon expression in the absence of endogenous cyclic nucleotides
and in the presence of cGMP (Harman & Dobrogosz, 1983; Aiba et al, 1985; Garges
& Adhya, 1985; Blazy & Ullmann; 1986; Harman et al, 1986). The CRP*598
mutations have been mapped within the hinge region of CRP (Garges & Adhya,
1985). Based on the chymot'rypsin digestion patterns, the substitution in the D a
helix of histidine for arginine at position 142 and threonine for alanine at position 144
in fhe CRP"598 appears to alter the stability within the N-terminal and C-terminal
domains. The results obtained by using CRP*598 are comparable to those described
by Harman et al. (1986) with the related NCR91. CRP* which has a single amino acid
change: Ala-144 to Thr. The structure of the NCR91 CRP" crystallized with cAMP

is similar but not identical to that of cAMP-CRP (Weber et al, 1987c). Small
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changes in the mutant CRP were noted which include concerted shifts in the small
domains, in the hinge joining the two domains and in an adjacent loop between 8
strands 4 énd 5. The distortion resulting from the amino acid substitution proximal
to the hinge region apparently disturbs the interaction between the two domains in
unliganded CRP’598, thereby, opening ul; sites within each domain to attack by
proteases. Unliganded CRP is relatively resistaﬁt to proteolytic attack. The
proteases used generate N-terminal fragments from cAMP-CRP of differing sizes,
indicating the presence of resistant folded ‘regions of cAMP-CRP. In contrast,
unliganded CRP"598 is sensitive to proteolysis and the liﬁn‘t digests generated under
the conditions used in this study result in smaller fragments than those arising from
cAMP-CRP or cAMP-CRP°598. The digestion patterns are indicative of the loss of
important contacts between the large and small domains in unliganded CRP°598.
Based on the protease study, it would appear that the conformations established in
cAMP-CRP and cAMP-CRP"598 are similar. The binding of céMP_ to CRP is
without apparent effect while cGMP-CRP°598 adopts a conformation which is similar
to but not identical with that estabh‘shea in cAMP-CRP"598.

* A similar conclusion obtains fr91_13 the results of the dithionitrobenzoic acid
mediated disulfide crosslinking experiment. Crosslinking of the CRP subunits
requires that the small domains adopt a conformation allowing the Cys-178 residues
to move within a distance required for the formation of the disulfide bond. The Cys-
178 is presexit in the small linker joining the E and F a helices present in the C-

terminal domain. In wild type CRP, the subunit crosslinking reaction mediated by
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dithionitrobenzoic acid is not favored in the absence of cAMP. In contrast, subunit
crosslinking occurs in unliganded CRP*598, cGMP-CRP"598 and cAl\/IP-CRP‘SQé.
The results indicate that the small domains of CRP°598 are less conformatioﬁally
constrained than in the wild type CRP. cAMP is bound to a site in the large domain
resulting in interaction with amino acid side chains from both subunits of the CRP
dimer.4 McKay et al (1982) stress the important role of the 6-amino group of cAMP
in the allosteric activation of CRP. In the cAMP-CRP complex, hydrogen biriding is
believed to occur to both the Thr-127 and the Ser-128 of .the other subunit. It was
proposed that the binding of cAMP éltérs_ the relative_ orientation of the two s1-1bunits
theréby affecting the shape of the DNA 5inding site's. The absence of a 6-amino
group in cGMP accordingly would not allow for the trans-subunit allosteric transition
evoked by cAMP binding. The lower protease resistance found for cGMP-CRP*598
may reflect the lack of second subunit contacts by bound cGMP and a consequent
lower stability of subunit-subunit interactions.

The data clearly indicaie that the conformations of unliganded CRP*598 and
¢cGMP-CRP"598 differ from that.established in cAMP-CRP598. Each of these
conformational variants of CRP"598 is able to activate Jac P* abortive initiation,
whereas, in the absence of RNA polymerase, only cAMP-CRP°598 can bind to the
CRP site in the /ac promoter. DNase I footprinting demonstrates that on addition
of RNA polyme'rase the characteristic open prbmoter pattern is éstablished with
cAMP-CRP"598 and higher concentrations of c¢GMP-CRP*598 or _unliganded

CRP*598. The fact that unliganded CRP*598 and cGMP-CRP" bind to Jac P* only
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when RNA polymerase is present indicates a cooperative binding of heterologous
proteins. Although other explanations are possible, the simplest iﬁterpretation of
such cooperativity is a direct contact between the two DNA-bound proteins. With
the Jac L8UVS promoter mutant, cAMP-CRP forms a stable complex at the L8 site
only in the presence of RNA polymerase (Li & Krakow, 1988). Thus, these results
. provide strong evidence in support of a vmodel whereby activation of transcription
' from CRP-dependent operons involves cdntac-:t between CRP and RNA polymerase.
RNA polymerase alone does not bind to the Jac P* (referred to as Jac P1; Malan &
McClure, 1984) site and CRP°598 does not bind to the CRP site in the absence of
.cAMP. The confofmation of CRP‘598 and cGMP-CRP*598 is not optimal for site
specific binding to the lac P*. According to the model proposed by Malan and
McClure (1984), RNA polymerase binds to an upstream promoter, /ac P2, in the
absence of cAMP-CRP. Addition of cAMP-CRP resuits in the coordinate repression
of Jac P2 and activation of Jac P1. The coordinate repression-activation must also be
effected by unliganded CRP*598 and cGMP-CRP°598. Since CRP°598 and cGMP-
CRP*598 cannot by theﬁ:selves bind optimally to the /ac CRP site, the displacement
of RNA polymerase present in the RP, complex at /ac P2 may first involve CRP*
contact with the bound RNA polymerase followed by movement of the RNA
polymerase in_to the P1 site. Accompanying this shift into the Jac P1 site would be
the concomitant binding of CRP" to the CRP site in the Jac promoter.

Hwang and Gussin (1988) have shown that a similar situation of cooperativity

between heterologous proteins exists in the bacteriophage A prm promoter. In that
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system, formation of open complexes at prm by RNA i)olymerase enhances binding
at Oy by 4 repressor, which functions as an acti'\‘za'tor of prm.

" Another property of CRP" mutants is that the addition of exogenous cAMP
or cGMP further stimulates the utilization of a variety of sugars. Subsequent
characterization of the biochemical properties of the CRP” proteins demonstrated in
vitro responses comparable to those seen in vivo. High concentrations of the
CRP"598 are able to support /ac P* transcription in the absence of cyclic nucleotide.
At protein concentrations where cAMP-CRP effectively supports abortive initiation
from the Jac P+ promoter the concentration of cAMP required by CRP"598 is
approximately 9% of that required by CRP. The properties described for CRP*598
(Ren et al., 1988) and other CRP" forms (Harman & Dobrogosz, 1983; Aiba et al,
1985; Blazy & Ullmann, 1986; Harman et al., 1986) indicate that this class of brotein .
has an intrinsically different conformation than that seen for CRP. Unliganded CRP
is resistant to attack by a variety of proteases, cAMP-CRP is attacked.with the
resultant formation of an N—terminal core whose length varies with the protease used
(Eilén & Krakaw, 1977). In contrast CRP" forms are sensitive to protease attack in
the absence of cAMP. The CRP*598 which functions in the absence of cAMP or in
the presence of low concentrations of cAMP appears to already exist in a more open
conformation than that evinced by cAMP-bound CRP.

The available data do not allow one to distinguish whether the ability of CRP"
to support transcription at low cAMP levels is directly attributable to an inherent

property of the mutated protein or whether this is due to a secondary consequence
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of the interaction of CRP" with its site on the Jac P* promoter and/or contéct with
RNA polymerase. .Thé data presented in this study demonétrate thaf CRP’ differs
from CRP in its mode of cAMP binding. Binding of cAMP by CRP has been shown
by Takahashi et al. (1980) to vary from negative to positive cooperativity depending
on the ionic strength of the binding buffer. Under the conditions used the binding of
cAMP by CRP is negafively cooperative. In contrast, the binding of cA.MP. by
CRP’598 shows strong positive cooperativity. Binding of cGMP by CRP and CRP*598
is virtually identical showing negative cooperativity and comparable association
constants. Takahashi et aI.-'(1980) found that the binding of CRP to double stranded
DNA resulted in an increased afﬁnity for cAMP together with the reversal of
cooperativity from negative (in the absence of DNA)- to positive. In a detailed study
on the effect of DNA on cAMP binding by CRP, Takahashi et al. (1989) showed that
the affinity of CRP for cAMP increases with NaCl concentration between 0.01 M and
0.2 M while cooperativity progressively changes from positive to negative. It appears-
likely that the CRP* mutant is shifting the equilibrium to favor the CRP conformation
active in DNA binding away from that of the unliganded CRP. CRP bound to DNA
at 10 mM NaCl becomes sensitive to trypsin attack with the formation of a N-
terminal 9.7 kD fragment (Angulo & Krakow, 1986). Tryptic attack on CRP*598
results in an apparently identical fragment (Ren et al,1988) suggesting that the CRP”
dimer may be inherently unstable, in the same way CRP-DNA is unstable. Brown and
Crothers (1989) found that under low ionic strength conditions DNA destabilizes the

CRP dimer while cAMP has an opposite effect on dimer stability.
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CRP is able to tolerate large substitutions at the N¢ position of cAMP without
adverse effect on either binding or conformation. Ebright et al (1985) identified
several analogues, includiﬁg N“-butyfyl CAMP, that are able to elicit conformational
change in CRP but are unable to activate transcription. CRP°598 is able to bind
Né-butyryl cAMP with an apparent affinity similar to that observed for cAMP...
However this analogue does not show the enhanced binding to CRP*598 shown by
cAMP and adenosine. Furthermore, N°butyryl cCAMP does not support abortive
transcription from the /ac P* promoter under conditions where CRP*598 is stimulated
by cAMP (data not shown). Enhanced binding of cAMP and adenosine by CRP°598
requires the unsubstituted N¢ position of the adenine moiety. The N¢ of cAMP
interacts with both subunits of CRP (Weber & Steitz, 1987). Ebright et al (1985)
have proposed that there must be an event taking place in proximity to the N¢ atom
of cAMP which is required fo;' CRP (or CRP"598) to bind to DNA.

The CRP*598 mutation results in amino acid replacements in the D a helix
close to the hinge connecting the large and small domains of the subunit. The
CRP*598 mutant shows an altered conformation, activates transcription at high CRP*
concentration in the absence of cAMP, activates transcription at low CRP’
concentration in the presence of a much lower cAMP concentration then required
by CRP, and binds to Jac P* DNA in the absence of cAMP in a RNA polymerase-
dependent mode (Ren et al, 1988). The properfy of positive cooperativity for the
binding of cAMP by CRP"598 can be added to this list. The mutations in CRP'598

lie close to the hinge region and relatively far from the cAMP binding site. It is clear
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that there is an effect én the confoﬁnation of the CRP*598 C-terminal domain based
on its sensitivity to protease cleavage in the absence of cAMP. Binding of cAMP has
been proposed to alter the conformatién of CRP by altering the intersubunit contacts
between the two large C « helices-and also by affecting interdomain contacts (Weber
& Steitz, 1987; Eilen et al., 1978). The positive cooperativity observed for binding of
cAMP by CRP*598 may be a consequence of effects iﬁodulated by altered subunit
contacts and/or interdomain contacts.

Three anti-CRP°598 monoclonal antibodies were selected from a group of
anti-CRP’598 mAb; based on results of Ei.ISA assay (data not shown). mAbs
A54D3 aﬁd A521C6 showed strong binding to CRP"598 and very weak binding to
CRP by the  ELISA plate assay while mAb A517A1 did not show any difference
between the twa types of CRP protein. Localization of the epitopes for these mAbs
using proteolytic fragments of CRP*598 by Western blotting showed that mAb
AS 17A1, mAb A521C6 and mAb A54D3 bind within the same region as the epitope
for the anti-CRP mAb 115D5, 66C3 and 62D6 (Figure 24; Li & Krakow, 1985). The
interesting location and the different effects of' the two types of CRP of these mAbs
make them potentially useful as probes for the study of conformation and function
of CRP or CRP*598.

The three anti-CRP°598 mAbs have been characterized with regard to the
region of CRP or CRP"598 in which the epitopes reside, and their effect on cAMP
binding, lac DNA binding and abortive initiation. The approximate region bound by |

mAb A54D3 includes the F a-helix and part of the E a-helix. The region bound by



44
mAb A521C6 covers the D a-helix and part of the E a-helix. Since their effects on
CRP or CRP’598 are very similar, it is possible that the epitopes for these two mAbs
are very close to each other.- In contrast, the effect of mAb A521C6 differs from that
of mAb 6§C3 even though the epitope of mAb 66C3 is also located within the region
spanning the D a-helix to the E a-helix (Figure 24). If they are really next to each
other both of the epitopes should be close to the E a-helix. As we know, the E a-
helix is part of helix-turn-helix motif that belongs to a group of site specific DNA
binding proteins, therefore, it is not surprising that mAb A54D3 and mAb A521C6
inhibit abortive initiation as w.ell.as lac DNA binding.

As mentioned before, mAb AS17Al is.bound to the N-terminal 10 K Da
fragment, the same region as bound by mAb 115DS. Although both mAb A517A1
and mAb 115D5 can bind to the CRP-/lac DNA complex, mAb 115DS does not affect
cAMP biﬁding (Li & Krakow, 1985), while mAb A517A1 shows a weak inhibition of
cAMP binding; mAb 11§D5' inhibits abortive initiation partially (Li & Krakow, 1988)
while mAb A517A1 inhibits initiation (Figure 25).

Li and Krakow (1988) proposed that the binding of mAb 115D5 dr mAb 66C3
to the cAMP-CRP complex increases the affinity of CRP for the Jac P* CRP Site and
induces CRP binding at the -10 to +10 region known as CRP Site 2. Binding to Site
2 would act like a repressor blocking RNA polymerase binding. For mAb 115D5, the
enhancement to CRP Site 2 is wéaker than that for mAb 66C3 and it shows only
partial inhibition of transcription initiation. mAb AS517A1 is a stronger inhibitor of

the transcription initiation but only weakly enhances the Site 2 binding. Thus the



45
transcription inhibition by mAb AS517A1l does not appear to involve lac Site 2
binding.

The study of the mechanism of transcription involves many interesting aspects,
such as protein-protein interaction, protein-DNA interaction, protein conformation
and DNA conformation. Several lines of evidence have shown that direct contact
between CRP and RNA polymerase on the Jac prdmoter (Li & Krakow, 1988; Ren
et al., 1988; Straney et al.,, 1989) is invoived in forming the open promoter complex.
It has been mentioned in the introduction that the cAMP-CRP complex can cause
bending of the Jac DNA. DNA bending may participate in transcription activation
by fécilitating additibn'al protein-DNA ér protein-protein contacts required for the
initiation (Plaskon & Wartell, 1987; Bracco et al, 1989). The binding of mAb
A517A1 to the cAMP-CRP complex may cause a steric hindrance that blocks the
interaction between CRP and RNA polymerase or additional CRP-DNA or DNA-
RNA polymerase cbntacts.

Previous experiments have shown that the mutations at the hinge region (Arg-
142 - Lys-142, Ala 144 - Thr-144) of CRP598 cause conformational and functional
changes (Ren et al, 1988). These changes are reflected by its sensitivity to
proteolytic digestion and the ability to activate Jac transcription in an unliganded
form. The cAMP binding of CRP"598 also shows remarkable differences from that
of wild type CRP. .In this study, examination with anti-CRP or anti-CRP*598 mAbs
to both type of CRP gives additional information about the conformational distinction

between liganded and unliganded forms of CRP*598 and CRP. CRP"598 has been
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assumed to partially mimic the conformation of cAMP-CRP complex (Garges &
Adhya, 1985). Data presented here shows that most of the reactions of CRP°598 or
CRP with anti-CRP"598 or anti-CRP mAbs are not idemicél, indicating they do not
have the same conformation. Instead, liganded CRP°598 and CRP have similar
affinities for both anti-CRP mAbs or anti-CRP*598 mAbs, implying they share similar
local conformations. These results are consistent with those obtained by other assays
(Ren et al, 1988) and those described by Harman et al (1986) with the related NCR
91 CRP’, which has a single amino acid change: Ala-144 -> Thr-144.

mAb 62D6, 66C3, AS4D3 and AS521C6 are C-terminal domain-binding
~ antibodies. Except for mAb '62D6, each of the others shows similar affinities for
CRP°598 in the presence and absence of cAMP, suggesting conformational
similarities to that of cAMP-CRP. This has been confirmed by DTNB cross linking
(Ren et al, 1988), Staph. aureus V8 protease and carboxypeptidase Y digestion (data
not shown). cAMP increases the affinity of 62D6 to CRP"598 about 25-fold. The
part of CRP"598 that is located at or close to F a-helix could be less exposed in the
absence of cAMP. The F helix probably does not protrude from the protein surface
or is not properly orientated so that CRP*598 forms an unstable complex with Jac
DNA.

In the N-terminal domain, the major difference between CRP*598 and CRP
is thét the two subunits of CRP°598 are more separated than those in CRP. This is
suggested by the following, the epitope of mAb 64B4 located at the interface of the

two subunits is almost inaccessible (Li & Krakow, 1988) while mAb 64B4 binds to
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CRP°598 much better. This is also indicated by the inhibition of cAMP or cGMP
binding to CRP‘598 in the presence of mAb 64B4 but not. to CRP. The binding of
mAb 64B4 seems to ~result in a steric hindrance that prevents cAMP or cGMP from
entering the cAMP binding "pocket". As shown before (Ren et al 1990), positive
cooperativity occurs for cAMP and CRP*598 binding, while a negative co'ope;ativity
is seen for cAMP and CRP binding. Previous experiment showed that Nﬁ-bﬁtyryl-
.cAMP does not cause positivé c;)operativity for cAMP binding, suggesting that the
unsubstituted N¢ position is probably required for this activity. However, in the case
of cAMP, even if the N¢ position is not substituted, CRP still does not behave like
CRP*598 when cAMP is bound, indicating there must be something more within
CRP"598. The data here clearly show thé difference between CRP and CRP"598
within cAMP-binding domain. The altered domain conformation of CRP°598 may
also be responsible for the positive cooperativity of cAMP binding. |
Né-butyryl-cAMP belongs to a group of cAMP analogs which can elicit similar
conformational change as CAMP as prdbed by protease digestion, but cannot
stimulate /ac transcription (Ebright et al, 1985). cAMP must provide extra effects
on CRP to change its conformation from an "inactive" form to an "active" form. The
different effects of CAMP and Né-butyryl-cAMP on CRP or CRP*598 are reflected
by the Kjs of mAbs to CRP/CRP*598. For those C-tenhinal binding mAbs, N&-
butyryl-cAMP does not markedly change their affinities for CRP/CRP°598 compared
with .the affinities in the absence of any nucleotide. Another experiment (data not

shown) suggests that the NS-butyryl-cAMP-CRP complex is less sensitive to
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éarboxypeptidase Y than the cAMP-CRP complex. Therefore, The conformation
induced by cAMP differs from that induced by N¢-butyryl-cAMP. The changes shown

here which occur in the presence of cAMP but not Né-butyryl-cAMP may be critical

for CRP activation.
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SUMMARY AND SUGGESTIONS

Garges and Adhya (1985) proposed that CRP'598 ( Arg-142 t;) His, .Ala-144
to Thr) assumes a conformation normally evoked pnly on binding of cAMP, one in
“which the relative orientation of three a-helices (CD,and F) in both domains is
a]tefed. Tﬁe experiments presented in this study demonstrate that the conformation
- of CRP*598 differs from that of CRP in the absence of cAMP. Although CRP*598
can activate in vitro lac trahscription, in the presence of cAMP or cGMP as well as
in the absence of added cyclic nucleotide, stable binding to CRP site in .Iac i’*l by
unliganded CRP'598 or cGMP-CRP'598 is seen only in the presence of RNA
polymerase. Ve;rious experiments show that the conformation of CRP"598 is not
identical but may partially mimic that of the cAMP-CRP complex. Most of the
similarities between CRP*S98 and cAMP-CRP are likely to be located at DNA
binding domain. The mutations at or close to the hinge region alter the conformation
~of the C-terminal domain to a state similar to the one induced by cAMP. The
reorientation of the C-terminal domain consequently cﬁanges the domain-domain
and/or the subunit-subunit intera;:tion, resulting in a destabilization of the N-terminal
domain. cAMP is able to stabilized the N-terminal domain.” In the presence of
cAMP, the conformations of CRP and CRP*598 are simila;.
Equilibrium studies of the CRP-DNA interaction shows one cAMP molecﬁle
per Jac promoter complex (Fried & Crothers, 1984). However, the. crystallographic

structure of cCAMP-CRP complex shows two cAMP molecules in the complex.
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I-I_eyduk -& Lee (1989) proposed that CRP-(cAMP), complex may represent an
inactive form of the complex. In the case of CRP*598, strong positive cooperativity
occurs when cAMP is bound, suggesting two cAMP molecules are present in thé
complex. Therefore, the two cAMP complex is also a possible active form. For
positive cooperativity, two requirements should be considered: first, there must be
eﬁough space between the two subunits of CRP to allow two cAMP molecules to
enter the cAMP binding-"pockets"; second, a 6-NH,; group in cAMP must exist (-the
importance of 6-NH, group has been stressed by McKay et al, 1982). Lack of either
of the two requirements will result in loss of positive cooperativity of cAMP binding.
Under physiological conditions, there is a large amount of DNA in the same
compartment with CRP and cAMP. Possible interactions among CRP, cAMP and
DNA could be as following: i, one molecule ‘of cAMP is bound to CRP and elicits a
conformational change which is involved in specific DNA binding; ii, one molecule
of cAMP binds to CRP with fu’gh affinity and a second cAMP molecule consequently
binds with lower affinity; iii, nonspecific interactions between CRP and DNA result
in positively cooperative binding of cAMP to CRP similar to that of CRP*598. The
question is which pathway is true in vivo. Probably there are differences between one
cAMP and two cAMP forms regarding DNA binding or transcription activity. It
would be interesting to quantify DNA binding or transcription in both forms of
cAMP-CRP complex.

Monoclonal antibodies raised against both CRP and CRP*598 are useful tools

to study structure and function of CRP protein. Some of them show interesting
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effects on DNA binding and/or transcription. However, steric hindrance is a problem
in interpretation. If the Fc fragment of the mAb can be removed, it will help to
clarify the effect of these mADb. Particulérly, mAb A54D3 shows certain interesting
_ behaviors: it can increase cAMP binding activity by 50 percent; after preincubation
with this mAb, wild type .CRP becomes sensitive to trypsin and subtilisin in the
. absence of cAMP but remains insensitive to Staph. aureus V8 protease and
- carboxypeptidase Y in the presence of cCAMP. These effects are similar to that
resultirig from binding of non-specific DNA (Angulo & Krakow, 1986). Under the
.sgme conditions, mAb A5£1D3 does not show any apparent effect on CRP*598. Since
the epitope of mAb AS54D3 is within fhe DNA binding fragment, it onﬁld be

interesting to see how this mAb affects domain-domain interaction.
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Table I. Effect of cyclic nucleotides on CRP and CRP" in Jac P*-directed
abortive initiation ,

Concentration of CRP or CRP"598
([*H]JUMP incorporated, pmol)

CRP 40nM | 400nM
CRP*598 4 128
CRP'598 + cGMP 87 - 153
CRP’598 + cAMP 163 115
CRP 14 11
CRP + ¢cGMP 13 11
CRP + cAMP 180 | 166

Conditions for the abortive initiation reaction were described under "Materials and
Methods". Incorporation of [*HJUMP in the absence of CRP or CRP*598 was 13

pmoil.



Table II. Parameters for binding of cAMP and cGMP to CRP and CRP*598

K a- ny
Equilibrium Dialysis Method
cAMP
CRP (1.9 * 0.23) x 10* M! 0.84 = 0.22 0.82 = 0.07
CRP°598 (3.8 = 0.56) x 10° M! 3.74 = 1.11 1.94 *= 0.26
cGMP
CRP (2.9 = 0.13) x 10* M! 0.61 = 0.13 0.97 £ 0.02
CRP*598 (2.7 £ 0.35) x 10 M1 1.00 = 0.25 0.94 = 0.01
Ammonium Sulfate Method
cAMP
CRP (6.8 = 0.53) x 10° M " 0.45 = 0.06 0.9 = 0.06
CRP*598 - (84 = 1.2) x 10° M! 69 £ 19 1.4 = 0.08
cGMP
CRP (1.7 = 0.13) x 10* M 0.45 = 0.06 - 071 £ 0.07
CRP*598 (1.9 %= 0.13) x 10* M 0.32 £ 0.04 0.79 = 0.06

The intrinsic association constant K and the cooberativity parameter a were determined by the
method of Takahashi et aL (1980). The Hill coefficient oy was calculated using the EZ-FIT

program (Perreila, 1988).
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Table III. -Displacement of FI-I]éGMP binding by cyclic nucleotides with CRP or CRP*598.

Concentration of cNMP resulting in 50% mhlbmon of
PH]cGMP binding

Competitor CRP CRP'598
cAMP A 32 : 1.5
adenosine 3300 320
8-bromo cAMP 3.2 : 4.2
8-methylamino cAMP 2.8 2.4
Né-butyryl cAMP 2.8 2.4
Né¢,0%-dibutyryl cCAMP 42 , 56
cIMP 63 63
c¢cCMP 23 28
2'-deoxy cAMP NE . NE
2’-deoxy cGMP NE . NE
5’ AMP . NE : NE
ATP ~ NE NE

The conditions used for the assays are presented in Materials and Methods. The concentration
required to give the 50% displacement was determined graphically. NE: no effect seen at the
highest concentration used (20 mM).
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TABLE IV. SUMMARY OF FUNCTIONAL PROPERTIES OF ANTI-CRP’598 MABS

Inhibition of
mAb Location cAMP Binding lac P* Binding Abortive Initiation
AS54D3 EF i + +
AS521C6 D,E - + +
AS517A1 N-lOK' +/- - +

D, E, F represent a-helices; N-10k represents the N-terminal 10 K fragment (Figure 24). -, no
inhibition; +, inhibition; +/-, partial inhibition (The molar ratio of mAb to CRP are 0, 0.5, 1, 2 and
4. The cAMP binding are 41 pmol, 27.5 pmol, 17 pmol, 17 pmol and 21.7 pmol for CRP*598; 17
pmol, 13 pmol, 8.3 pmol, 8.8 pmol and 9.3 pmol for CRP).
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TABLE V. DISSOCIATION CONSTANTS FOR BINDING OF ANTI-CRP MABS TO CRP

AND CRP*598

cAMP

N6-Butyryl-cAMP

CRP
62D6 -
66C3
64D1
115D5

64B4

(9.7 £ 0.42) x 107
(2.4 = 0.05) x 10°
26 = 0.35) x 107
(16 + 0.12) x 10°

(4.8 % 0.29) x 10%

(9.4 % 0.86) x 107

(3.3 % 0.16) x 107
ND

(4.5 = 0.29) x 10%

> 10%

(1.36 = 0.09) x10%

(2.4 £ 0.1) x 10%

ND
(2.86 = 0.07) x 10*

ND

CRP*
62D6
66C3
64D1
115D5

64B4

(1.57 =+ 0.06) x 10° .

(2.7 = 0.52) x 107
(2.7 £ 0.02) x 107
> 10°

(3.3 % 0.24) x 107

(6.1 % 0.39) x 107

(3.8 + 0.37) x 107
ND

(33 % 0.23) x 10°

> 107

(1.1  0.03) x 10%
(2.2 + 0.19) x 107
ND
ND

(1.1 % 0.05) x 10°

The method of Frigret et al (1985) was used to determine the K.
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Table VI. DISSOCIATION CONSTANTS FOR BINDING OF ANTI-CRP*598 MABS TO CRP

mADb

AND CRP°598

cAMP

N¢-Butyryl-cAMP

CRP

A54D3

A521C6

AS517A1

(1.33 % 031) x 10°

(124 £ 0.1) x 104

(5.49 = 0.3) x 10%

(1.97 = 0.1) x 107

(85 = 0.78) x 107

(2.11 % 0.05) x 10°

(23 = 0.23) x 10°
(2.4 = 0.17) x 10

(1.05 = 0.06) x 10°

CRP’598
AS54D3
AS521C6

AS517A1

(1.15 % 0.02) x 107
(1.39 = 0.47) x 107

(1.21 = 0.1) x 10°

(2.19 = 0.2) x 107
(4.6 = 0.35) x 107

(1.64 = 0.09) x 10°

(1.3 * 0.21) x 107
(1.95 = 0.07) x 10¢

(6.41 = 0.54) x 10%

The method of Friguet et al (1985) was used to determine the K.
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Figure 1. The amino acid sequence and DNA sequence of CRP (from Aiba et al,

1982).
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Figure 2. Drawing of the CRP dimer (from de Crombrugghe et al, 1984). The N-

terminal domain consists of a-helix A, B-sheets 1 to 8, and a-helices B and C. Thg:
DNA binding C-terminal domain consists of a-helices D, E, and F, and the residues
connecting these helices. The two F helices, which clearly protrude from the dimer,
are thoﬁght to provide many of the intefactio_ns with DNA. All of the interactions
between the two subunits are provided by the large N-terminal domain and the
majority of these are provided by the two long C helices that lie together in the

center of the dimer. The two subunits are not exactly related by a perfect dyad axis

of symmetry.
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Figure 3. Binding of CRP and CRP'598 to /ac P+ in the presence of cAMP.

Conditions are described under "Materiéls and Methods" using 3 nM [*P]/ac P*
fragment and where indicated 120 nM RNA polymerase, 100 uM cAMP'and the
specified éoncentra,tjon of CRP or CRP"598. Lane a, [*?P}/ac P*; lane b, [*P)lac P* .
+ RNA polymerase; lane ¢, [?PJlac P* + cAMP-CRP*598 (40 nM); lane d, [2P}/ac
P+ + cAMP-CRP"598 (40 nM) + RNA polymerase; lane e, [%P]/ac P* + CRP (400
nM); lane £, [**P]lac P* + CRP (400 nM) + RNA polymerase; lane g, [*?P]lac P+ +

cAMP-CRP (40 nM); lane h, [**P])/ac P* + cAMP-CRP (40 nM) + RNA polymerase.
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Flgure 4. Effect of CRP'S98 concentration on open promoter formation in the
absence of cCAMP. Conditions are described under "Materials and Methods" using
3 nM [321;]]30 P+ fragment and where indicate.d 120 nM RNA polymerase, 1 mM
cGMP or 0.1 mM cAMP and the specified concentration of CRP"598. Lane a,
[*P]lac P* + cAMP-CRP*598 (40 nM) + RNA polymerase; lane b, [*P}lac P* +
~ cAMP-CRP'598 (40 nM); lane c, [**P)iac P+ + cGMP*598 (320 nM); lane d, [**P)lac
P* + RNA polymerase + ¢cGMP-CRP’598 (320 nM); lane e, [*?P}lac P* + RNA
polymerase + cGMP-CRP"598 (160 nM); lane f, [*P]/ac P* + RNA polymerase +
cGMP-CRP*598 (80 nM); lane g, [3P]lac P* + RNA polymerase + cGMP-CRP"598
(40 nM); lanes h through 1 are identical to lanes ¢ through g except that cGMP is

absent; lane m, [*?P]lac P+ + RNA polymerase; lane n, [*P]lac P*.
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Figure 5. 'Sensitivity of CRP‘5§8 to proteolytic attack in the presence and absence
of cyclic nucleotide. Condifions are described under "Materials and Methods". Lane -
a, cAMP-CRP + chymotrypsiﬁ (0.1 pg); lane b cGMP-CRP’598 chymotrypsin; lane
¢, CAMP-CRP*598 + chymotrypsin; lane d, CRP*598 + chymotrypsin; lane e, cAMP-
CRP + subtilisin (0.1 ug); lane f, cGMP-CRP'598 + subtilisin; lane g, cAMP-
CRP’598 + subtilisin; lane h, CRP*598 + subtilisin; lane i, cAMP-CRP + Staph.
aureus V8 protease (0.5 pg); lane j, cGMP-CRP’598 + Staph. aureus V8 protease;
lane k, cCAMP-CRP"598 + Staph. aureus V8 protease; lane 1, CRP*598 + Staph.
aureus V8 protease. The molecular weight markers are myoglobin, ctyochrome C

and bovine trypsin inhibitor.
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Figure 6. Time course of trypsin digestion of CRP°598 in the presence and absence

of cyclic nucleotide. Conditions are described under "Materials and Methods". Lane
a, CRP"598, lanes b, ¢, d, CRP"598 + trypsin (0.1 ug) incubated at 37°C for 10, 20
and 40 minutes; lanes e, f, g. cAMP-CRP"598 + trypsih (0.1 ug) incubated at 37°C
for 10, 20 and 40 minutes; lanes b, i, j, cGMP-CRP"598 + trypsin (0.4 pg) incubated
at 37°C for 10, 20 and 40 minutes; lanes k, 1, m, cAMP-CRP + trypsin (0.4 HE)
incubated at 37°C for 10, 20 and 40 minutes. The molecular weight markers are

myoglobin and cytochrome C.
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Figure 7. Loss of cAMP binding activity after trypsin digestion of unliganded

CRP598. Reaction mixtures contained (final volume 500 uL): 10 mM Tris-HCl (pH
8.0), 40 mM NaCl, 75 ug CRP or CRP'598 and 1 pg trypsin. After incubation at
37°C for the times indicated, aliquots (50 uL) were removed and the reaction
terminated by addition of 2.5 pL of 20 mM phenylmeﬁhanesulfonyl fluoride. Binding

of [*H]JcAMP was assayed using 20 pL of the sample removed at each time point.
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Figure 8. Effect of dithionitrobenzoic acid onintersubunit crosslinking of CRP*598

and CRP. Conditions are deéc':ribed .under "Materials and Methods". Lane a,
(CRP"598; lane b, cAMP-CRP"598 + dithionitrobenzoic acid; lane ¢, cGMP-CRP"598
+ dithionitrobenzoic acid; lane d, CRP*598 + dithionitrobenzoic acid; lane f, cGMP-
CRP + dithionitrobenzoic aci&; lane g, CRP + dithionitrobenzoic acid; lane h,

cAMP-CRP; lane i, CRP.
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Figure 9. Effect of cAMP concentration on the ability of CRP and CRP’598 to

support /ac P*-directed abortive initiation. Conditions for the abortive initiation
reaction are described in "Materials and Methods". Incorporation of [3SHJUMP in the

absence of CRP or CRP*598 was 4 pmol. CRP, ®-e; CRP"598, 0-0.
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Figure 10. Scatchard representation of the binding of cAMP to CRP and CRP"598

determined by equilibrium dialysis and ammonium sulfate precipitation. The
conditions used for equilibrium dialysis are presented in "Materials and Methods"
with 4 M CRP or CRP’598; the insert graph shows the results obtained using the
ammonium sulfate precipitation method. The conditions are presented in Materials

and Methods with 2 uM CRP or CRP"598. CRP, e-e; CRP'5.98, 0-0.
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Figure 11. Scatchard represenfation of the binding of cGMP to CRP and CRP"558
as determined by equilibrium dialysis and ammonium sulfate precipitation. The
conditions used for equilibrium dialysis are presented in "Materials and Met.hods"
with 6 uM CRP or CRP*598; the insert graph shows the results obtained using the
ammonium sulfate precipitation method. The conditions are presented in "Materials

and Methods" with 2 uM CRP or CRP"598. CRP, e-e; -CRP"598, o-o.
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Figure 12. Displacement of [*PH]cGMP binding by cAMP with CRP or CRP*598. The

incubation conditions are those presented in "Materials and Methods" using 2 x 10
§ M [*H]cGMP and the cAMP concentrations indicated in the Figure. CRP, o-o;

CRP°598, o-0.
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Figure 13. Displacement of [*H]JcGMP binding by adenosine with CRP or CRP"598.

The incubation conditions are those presented in Materials and Methods using 2 x 10-

¢ M [*H]cGMP and the adenosine concentrations indicated in the Figure. CRP, 5-0;

CRP*598, o-0.
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Figure 14. Western blot analysis of the binding of anti-CRP°598 mAbs to CRP'598

fragments. CRP’598 fragrﬁents produced by ‘partial proteolysis of CRP*598 were
resolved electrophoretically and transferred to nitrocellulose sheets. Binding of mAbs
was determined as iﬁdicated in "Materials and Methods". TRY, fragments producéd
after incubation of CRP"598 with trypsin; SAP, fragments produced after incubation
_ of CRP'598 with Staph. aureus V8 protease; CY, fragments 'prbduced after
incubation of CRP*598 with carboxypeptidase. A, mAb AS517A1; B, mAb A521C6;

C, mAb A54D3; E, mAb A521C6; F, mAb A54D3; G, confrol; H, mAb A54D3.
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Figure 15. Effect of anti-CRP*598 mAbs on binding of cAMP-CRP to the lac DNA

promoter fragment. Samples containing (final volume 15 ul) 6.7 nM [**P] lac DNA
fragment, 100 uM cAMP, with of without 650 nM CRP/CRP*598 and 6.5 uM mAb
were tesolved electrophoretically. a, Jac P*; lanes b-i contained /ac DNA and the
indicated CRP and mAb. as follows: b, cAMP-CRP"598; ¢, cAMP-CRP"598 + mAb
A517A1; d, cAMP-CRP"598 + mAb A54D3; e, cAMP-CRP"598 + mAb A521C6; £,
cAMP-CRP; g, cAMP-CRP + mAb AS517A1; h, CAMP-CRP + mAb AS54D3; i,

cAMP-CRP + mAb A521C6.



abcdefghi

87



88
Figure 16. Effect of mAb A517A1 and 66C3 on binding-of cAMP-CRP209RD to the

lac .DN_A pfomoter fragment. Samples containing (final volume 15 ul) 6.7 nM [*P]
lac Dh}A fragment, with or without 650 nM CRP ahd indicated mAbs were resolved
electrophoretically. a, lac P*; b, lacP* + cAMP-CRP ; lane c-g contained Jac DNA,
cANIP-CkP and indicated mAb as follows: ¢, 1.63 uM mAb AS17A1; d, 3.25 uM
mAb AS517A1; e, 6.5 uM mAb A517A1; £, 1.63 uM mAb 66C3; g, 3.25 uM mAb

66C3.
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Figure 17. Binding of mAb A517A1-CRP and mAb 66C3-CRP to Hpall fragments

of lac P*. Hpall fragments of [*P] Jac P* were prepared‘ by incubation with 4 units
of Hpall restriction enzymé per pmol [*2P] Jac 203 bp fragment (labelled at both
ends) in Hpall restriction buffer for 10 minutes at 37° C. The binding assay
conditions are described under "Materials and Methods" with 6.7 nM of each of the )
Hpall fragments of [*P] )ac DNA, 100 uM cAMP; 133 nM CRP and indicated mAb
in final volume of 15 ul. S1, position of Hpall large fragment from -140 bp to -20
bp containing CRP Site 1; S2, position of Hpall small fragment from -20 bp to + 65
bp containing CRP Site 2; CRP-S1, position of CRP-Hpall small fragment complex.

Lane a, [**P] Jac P* only; Lane b-j contained Iac; DNA, cAMP-CRP and indicated as |
follows: b, no mAb; ¢, 0.16 uM mAb A517A1; d, 0.33 M mAb AS517A1; e, 0.65 uM
mAb A517A1; £, 1.33 uM mAb A517A1; g 0.16 uM mAb 66C3; h, 0.33 pM mAb

66C3; i, 0.65 pM mAb 66C3; j, 1.33 uM mAb 66C3.
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Figure 18. Effect of mAb 64B4 on binding of cAMP by CRP and CRP*598. The

incubation mixtures contained (final volume 100 pL): 40 mM Tris-HCI (pH 8.0), 400
mM KCJ, 1 mM dithiothreitol, 1 mM EDTA, 100 pg casein, 2 eM [PH]-cAMP (266
cpm/pmol), 0.5 uM CRP or CRP"598 and the indicated concentration of mAb 64B4.
After 30 min at 0°C 600 uL of saturated ammonium sulfate was added. After an
additional 10 min at 0°C the mixture was centﬁfuged at 10,00Q rpm for S min. The
pellet was dissolved in 500 u.l.HzO and the radioactivity determined in Scintisol.

CRP, e-e; CRP"598, 0-o.
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Figure 19. Effect of mAb 64B4 on binding of cGMP by CRP and CRP'598. The

reaction conditions are described under Figure 18 legend with exception of 2 uM

[*H]-cAMP replaced by [*H]-cGMP (200 cpm/pmol). CRP, @-@®; CRP598, o-o.
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Figure 20. Klotz plots of the binding of CRP or CRP'598 to mAb 62D6. Decreasing

concentrations of CRP (from 2 pM) and CRP"598 (from 20 uM) were ingubated with
a constant amount (2 nM) of mAb 62D6. Thé measurements were performed as
described in Friguet et al. (1985). a, is the total antigen concentration and v is the
fraétion of the bound antibody. Panel A, no cyclic nucleotide; panel B, plus 25 uM

CAMP; panel C, plus 25 uM N‘-bﬁtyryl-cAMP. CRP, o-o; CRP'598 0-0.
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Figure 21. Klotz plots of the binding of CRP or CRP*598 to mAb 66C3. Decreasing

concentrations of CRP (from 1 uM) and CRP*598 (from 10 uM) were incubated with
a constant amount (2 nM) of mAb 66C3. The measurements were performed as
described in Friguet et al. (1985). a, is the total antigen concentration and v is the
fraction of the bound antibody. Panel A, no cyclic nucleotide; panel B, plus 25 uM

cAMP; panel C, plus 25 pM NS-butyryl-cAMP. CRP, e-e; CRP'598, 0-0.
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Figure 22. Klotz plots of the binding of CRP or CRP"598 to mAb A54D3. De-

creasing concentrations of CRP or CRP*598 (from 5 uM) were incubated with a
constant amount of impure mAb A54D3. The measurements were performed as
described in Friguet et al (1985). a, is the total antigen concentration and v is the
fraction of the bound antibody. Panel A, no cyclic nucleotide; pénel B, plus 25 uM

cAMP; panel G, plus 25 uM Né-butyryl-cAMP. CRP, -@; CRP"S98, o-o.
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Figure 23. Klotz plots of the binding of CRP or CRP'598 to mAb A521C.

Conditions used are described in the legend to Figure 22. a, is total antigen
concentration and v is the fraction of the bound antibody. Panel A, no cyclic nucleo-
tide; panel B, plus 25 uM cAMP; panel C, plus 25 uM Né-butyryl-cAMP. CRP, e-e;

CRP*598, 0-0
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Figure 24. Cleavage map of CRP and localization of mAb binding sites. Data

obtained from Western blotting and ELISA were used to localize the binding sites
of the anti-CRP and anti-CRP*598 mAbs. Segments labelled A-F represent the «

helical regions of cAMP-CRP/CRP*598.



Anti-crp mAb

1

AS517 A1

A521C6 A54D3

AnIi-crp mAb

I | I
I I I
64D1 64B4 | 66C3 | . 62D6 |
| I
| I

Wbl L

10k 6k

DNA + Trypsin

12.9k cAMP + Subtilisin

14K cAMP + Trypsin'

18.8k cAMP + SAP

21.6k

cAMP + CY
i |
[

9.5k

SDS + Chymotrypsin - 13k

SOt



106
Figure 25. Effect of mAb A517A1 concentration on abortive initiation from the Jac

P+ promotei‘. . Abortive initiation conditions are described under "Materials and
Methods" with a constant concentration of CRP/CRP*598 and the indicated

concentration of mAb A517A1. a-a, mAb A517A1 was added after the formation
of the cAMP-CRP-/ac P* complex, and after 10 minutes incubation RNA polymerase -

was added; a-a, mAb A517A1 was added after the formation of RP, with CRP; o0-0,
mAb A517A1 was added after the formation of cAMP-CRP*598-/ac P* complex, and
after 10 minutes incubation RNA polymerase was added; @-@®, mAb A517A1 was

added after the formation of RP, with CRP*598.
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