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ABSTRACT Binding analysis with purified bacterial receptor
distinguishes two structural domains in cyclic AMP (cAMP). The
first, the cyclic phosphate and furanose, constitutes a binding do-
main. This region is bound tightly to the receptor. The rest of
cAMP is not bound; the adenine moiety ofcAMP is exposed. Unlike
binding, activity ofcAMP requires the adenine moiety. To be ac-
tive, cAMP must have in domain l the base adenine-specifically,
its Watson-Crick atoms N-I and N-6. Analysis of indoleacetic acid,
a compound able to replace cAMP at the L-arabinose operon, in-
dicates a similar distinction between binding and active domains.
To be active, the indole must have substitution (carboxyl or amide)
electronically comparable to the cAMP N-I and N-6. On this basis,
we propose a detailed mechanism for action of cAMP (or indole-
acetic acid) in Escherichia coli. We propose that the exposed ad-
enine of cAMP enters into the DNA. The adenine's N-1 and N-6
form hydrogen bonds to a thymine in DNA. This interaction desta-
bilizes the DNA. It enhances transcription. Marked similarities
indicate an identical mechanism for the steroid hormones in
eukaryotes.

In bacteria, cyclic AMP (cAMP) regulates transcription at sev-
eral sites-most familiar at the lac operon (1-8). The nucleotide
binds to a soluble receptor (CRP, CAP) (2, 4-12) and is trans-
located to the chromosome (11-13). There, the cAMP-CRP
complex binds to a specific DNA sequence adjacent to the site
for RNA polymerase (14). This interaction in some manner en-
hances initiation by the RNA polymerase and thus transcription
(4-8, 15).
The precise mechanism for this interaction is unclear. The

prevalent view, however, assigns no direct role to cAMP after
it has bound to CRP (16-18). Binding of cAMP is assumed to
induce a conformational change in CRP (16-18), and it is this
change which is believed to be responsible for the interaction
of CRP with DNA and for the enhancement of transcription.
We, in contrast, are convinced of cAMP's direct participa-

tion, and we propose a detailed mechanism for it. Experiments
with two separate classes of small molecules support this
hypothesis.

CYCLIC NUCLEOTIDES
Structures for Binding. (i) The cyclic phosphate of cAMP is

essential, and sufficient, for the interaction ofcAMP with CRP
(Fig. la). Hence, cGMP (9,10,12), cIMP (12), cCMP, and
cUMP all bind to CRP (Figs. 1 a-c and 2A). These compounds
share with cAMP only the cyclic phosphate and furanose ring.

Modifications of this shared region-even minor altera-
tions-decrease or block binding. Opening [5'-AMP (9, 12), 3'-
AMP (9), adenosine] or positional isomerization (2',3'-cAMP)
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FIG. 1. Interaction of nucleotides and CRP. (a) cAMPs cyclic phos-
phate and furanose ring (domain I) are bound tightly inside CRP. The
adenine moiety (domain II) is not bound; it remains exposed from CRP.
(a-e) Binders. All nucleotides that incorporate the cyclic phosphate and
furanose ring bind to CRP (Fig. 2A). Affinity is independent of the
substitution at domain II. (a) cAMP; (b) cGMP; (c) cCMP; (e) cUMP.
(f-j) Nonbinders. Analogs without intact cyclic phosphate and fura-
nose (domain I) fail to bind CRP (Fig. 2B). Binding is not observed at
concentrations as high as 5 mM. These compounds fail to bind despite
their retention, as in cAMP, of adenine at domain II. (f) 5'-AMP; (g)
3'-AMP; (h) adenosine; (i) 2',3'-cAMP; U) adenine.

of the cyclic phosphate abolishes binding altogether (Figs. lf-
i and 2B).

(ii) The adenine moiety ofcAMP either is exposed from CRP

Abbreviations: cAMP, adenosine 3',5'-cyclic monophosphate; cCMP,
cytidine 3',5'-cyclic monophosphate; cGMP, guanosine 3',5'-cyclic
monophosphate; cIMP, inosine 3',5'-cyclic monophosphate; cUMP,
uridine 3',5'-cyclic monophosphate; CRP, cAMP receptor protein;
CAP, catabolite activator protein.
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in ability to support growth or to induce P-galactosidase (1)-
and in vitro-in cell-free transcription systems (4, 12).

Inspection of the close analogs cAMP (active) and cIMP (in-
active) defines the feature that is critical for activity. It is the
N-1 and N-6 of adenine-the adenine's Watson-Crick (base-
pairing) atoms (arrows in Fig. la; see Fig. ic). Although without
a significant effect on binding, alteration of the N-1 or N-6 en-
tirely eliminates the compound's activity.
The compounds rendered inactive by modification of the N-

______ ___A_ 1 and N-6 (e.g., cGMP and cIMP) are antagonists of cAMP (4,
10-6 ]0-.5 10-4 10-3 1o-2 lo-, 11, 12). With the cyclic phosphate/furanose domain unaltered,

these inert compounds can still bind to CRP. They displace
0 0

active material (cAMP) from it. The net effect in biological assay
'1g T~7l l. 1° is a decreased response to cAMP (antagonism).

lo-, 1o-6 i0-5 1O-4 10-3 10-2 lo-1

Competitor, M

FIG. 2. Binding of cAMP and nucleotide analogs to CRP. Individ-
ual assay mixtures (12, 19) contained 1.61 ,ug of CRP (6460 units/mg;
gift of J. S. Krakow), 1.0 1LM [3H]cAMP (32.3 Ci/mmol; 1 Ci = 3.7
x 101" becquerels), 0.01 M phosphate buffer (pH 7.7), 200 ,ug of casein,
and competitor as shown. Total volume was 100 Al. Bound [ H]cAMP-
CRP complex was precipitated by addition of 0.4 ml of saturated
(NH4)2S04. Pellets (12,000 X g.,, 10 min, 0C) were solubilized in 0.5
ml of NCS and assayed for radioactivity. Plotted values reflect cor-
rection for counting efficiency (external Compton standard). Bound
counts in a trial experiment reached constant levels (equilibrium) with
10 min of incubation at 0C. Incubations for plotted points were 15 min.
This procedure gives 400,000-500,000 cpm of specific binding in the
absence of competitor. Data are normalized as a percentage of this
control binding. 0%, cpm with CRP replaced by pure buffer; 100%, cpm
with no competitor, corrected by subtraction of the 0% binding. (A)
Competition data for analogs that have the cyclic phosphate and fura-
nose. These analogs compete with cAMP for occupancy of its receptor.
Curves are parallel and of similar shape. e, cAMP; o, cGMP; *, cIMP;
o, cGMP; *, cUMP. (B) Failure of analogs withoutthe cyclic phosphate/
furanose system to interact with CRP. No depression of control
[3H]cAMP binding was observed, even at concentrations as high as 5
mM. e, cAMP; o, 5'-AMP; m, 2',3'-cAMP; ci, adenosine; *, adenine.

or, if it associates, does so only loosely. Importance for binding
of the adenine moiety is minimal.

Competition for CRP is independent ofbase substitution. At
equilibrium, cAMP and cGMP compete for CRP with equal
affinities (10, 19). Precipitation assay (Fig. 2A) confirms this.
More striking, cCMP and cUMP (pyrimidine nucleotides) com-
pete with affinities almost equal to the affinity of cAMP (Fig.
2A).

Tested by itself, the adenine did not interact with CRP. Ad-
enine, adenosine, 5'-AMP (9, 12), 3'-AMP (9), and 2',3'-cAMP
do not bind to CRP, even at concentrations up to 5 mM (Figs.
1fand g and 2B).

Hence, one envisions a cAMP-CRP interaction whereby the
cyclic phosphate/furanose complex binds tightly to CRP. The
adenine, in contrast, does not bind to CRP; it remains exposed
(Fig. la).

Structures for Activity. Activity ofcAMP requires its adenine
moiety (Fig. la). Despite their binding to CRP, cGMP (4, 12),
and cIMP (1, 12) are inactive. Activity is absent both in vivo-

INDOLES
Kline et aL (20) have reported that certain indoles-i.e., 5-hy-
droxyindoleacetic acid, indoleacetic acid, indoleacetamide, and
indolepropionic acid (Fig. 3)-can replace cAMP in activation
ofthe L-arabinose operon. The effect ofthese indole derivatives
requires CRP (20) and is site-competitive with cAMP (Fig. 4 A
and B).
The activity of these derivatives lends support to the model

Active Inactive
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FIG. 3. Derivatives of indole that bind to CRP (b-j; see Fig. 4).
Binding is to the site on CRP to which cAMP binds and is competitive
(see Fig. 4 B and D). (b.-e) Active indoles. These indoles are able to
replace cAMP in the activation of a bacterial operon in vivo (20). Their
domain II substitution-carboxyl or amide-presents a hydrogen bond
donor/acceptor pair electronically and spatially identical to the N-i,
N-6 pair of adenine. (a) cAMP; (b) 5-hydroxyindoleacetic acid; (c) in-
doleacetic acid; (d) indoleacetamide; (e) indolepropionic acid. (f-i) In-
active indoles. These indoles differ from the active analogs only in side-
chain substitution (domain II). They are substituted so as not to con-
stitute the required hydrogen bond donor/acceptor pair. However, be-
cause they retain the intact indole ring, these inert compounds still
bind to CRP (Fig. 4B). (f) Indolecarboxylic acid; (g) indoleacetic acid
ethyl ester; (h) indoleacetaldehyde; (i) indoleethanol; (j) indole-
ethylamine.
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FIG. 4. Binding of active and inactive indole derivatives to CRP. (Affinities are significant; 2',3'-cAMP, 5'-AMP, 3'-AMP, adenosine, and ad-
enine fail to compete at concentrations sufficient to give 70% maximal competition with these indoles.) Competition data were generated as in Fig.
2, with two differences. All contact with indoles was in total darkness or in the presence of only a monochromatic orange light source. Final reaction
mixtures contained 10% dimethylformamide as solvent. (The presence of dimethylformamide at this level was shown in separate experiments to
affect neither the position nor the shape of competition curves. This control was performed withcAMP and with indoleacetamide and indoleethanol.)
Lineweaver-Burk plots were prepared by comparable methods. Each point in these represents the mean of two replicates and has been corrected
for nonspecific binding. (A) Active indoles. 9, cAMP; o, indolepropionic acid; *, indoleacetamide; o, indoleacetic acid; A, 5-hydroxyindoleacetic acid.
(B) Lineweaver-Burk plot for interaction of indoleacetic acid (an active indole) and cAMP-CRP, showing data for cAMP alone (e) and with three
concentrations of indoleacetic acid (o, 0.555 mM; *, 1.67 mM; c, 5 mM). All lines (least-squares fit) are linear (r2 0.99) and pass through a common
intercept on the y axis. (Common intercept is characteristic of same-site, competitive interaction.) Dissociation constant (Ki) for indoleacetic acid
is 2.9 x 10-3 M. (C) Inactive indoles. e, cAMP; o, indoleethanol; *, indoleacetaldehyde. (D) Lineweaver-Burk analysis for indoleacetaldehyde (an
inactive indole). Curves as in B. Dissociation constant (Ks) calculated from these data is 2.6 X 10-3 M.

presented. Their simpler structure identifies exactly those fea-
tures essential for binding to CRP and for action.

Structures for Binding. The indole moiety, with its fused,
six-member/five-member ring system, resembles the fused
cyclic phosphate/furanose rings of cAMP. Steric similarity of
the indole and cyclic phosphate is sufficient, apparently, to per-
mit same-site binding in CRP.

Without exception, derivatives that share the indole ring
bind to CRP (Fig. 4). Binding occurs between indole and CRP
irrespective of the indole's side-chain length or substitution
(Figs. 3 a-j and 4). Thus, the side chain appears to be exposed,
not bound by CRP. Interaction with CRP involves only the in-
dole ring.

Structures for Activity. For activity, the side chain of the in-
dole is critical. The indoles active in the system of Kline et al

(growth on arabinose, induction ofarabinose isomerase) all have
comparable side-chain length and substitution-specifically, a

2- or 3-carbon alkyl chain with a terminal carboxyl or amide
group (20).

The active indoles incorporate in their structure a CRP-ex-
posed hydrogen bond donor/acceptor pair (COOH or CONH4.
This structure corresponds to the active moiety in cAMP: the
N-1 and N-6 of adenine constitute an electronically similar do-
nor/acceptor pair (CNNH4.

Indoles with modification in chain length or substitution are

inactive. The ester, the aldehyde, the hydroxyl, and the amine
(COOC2H5, CHO, CH20H, CH2NH2) all are inert (20).

These inert compounds, however, do retain the indole (bind-
ing) moiety. Hence, they exhibit full affinity for CRP. Their
affinity is as high as or higher than that ofthe four active indoles
(Fig. 4). Like cGMP, these inactive, yet binding, derivatives
potently antagonize the actions of cAMP in vivo (E. L. Kline,
personal communication). They bind to CRP and displace active
cAMP but are themselves inactive. The antagonism observed
here confirms adequate entry of these inactive compounds into
the cell.

Analysis. The behavior of the active indoles matches that of
the first ligand, cAMP. In each case, there are two structural
domains: (i) a binding domain, and (ii) an exposed, active do-
main. For activity, the exposed domain must incorporate an

electronegative substituent able to complement (to form hy-
drogen bonds to) a specific Watson-Crick base.

DETAILED MECHANISM FOR CYCLIC
NUCLEOTIDE (OR INDOLE) ACTION

Extensive data identify the biological response to cAMP stim-
ulus as an increase in mRNA mediated by enhanced transcrip-
tion (3-8, 11). Conflicting models have been suggested for the
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A B

FIG. 5. Mechanism for cAMP. (A) cAMP binds to a specific receptor protein (CRP). Only the cyclic phosphate and furanose of cAMP are bound;
the adenine is exposed. This exposed adenine inserts into the DNA helix (minor groove). Its N-1 and N-6 form two Watson-Crick hydrogen bonds
to a thymine in DNA. (B) Torsional stresses rotate the cAMP-CRP complex to the opposite strand. Inverted repeat sequences permit opposite-strand
recovery of identical CRP-DNA interaction and may promote this movement. The bound thymine is rotated and everted from its pair with DNA
adenine. The structure drawn for cAMP is from its x-ray crystal coordinates (ref. 25; anti conformer). Sequence shown is that of the D-lactose operon
-61 to -65 (14).

mechanism of that enhancement. Transcription could be in-
creased by a direct interaction ofCRP with the RNA polymerase
(13) or by a local denaturation ofthe DNA helix (14, 15, 20-24).

Denaturation. We favor the denaturant mechanism. No evi-
dence documents a direct interaction of CRP with the RNA
polymerase (19, 24). In fact, such an interaction cannot be dem-
onstrated under physiological conditions (19). By contrast, three
lines of experimental evidence suggest a denaturant action for
cAMP-CRP.

(i) cAMP can be replaced or mimicked in transcription by
glycerol, a denaturant of DNA (21). Effects of glycerol and
cAMP are not additive. That is, these agents act at the same site.
Comparable results are obtained with low Mg2' concentration,
with sucrose, and with dimethyl sulfoxide; each of these is
known to alter DNA secondary structure and to lower the tran-
sition temperature (tm) in vitro (15, 21).

(ii) cAMP-CRP shifts the transition temperature for forma-
tion of an open DNA complex (15). The shift is substantial, ap-
proximately 10°C. Its magnitude matches shifts with glycerol
or with low Mg2e (15).

(iii) G-C A-T promoter mutations relax the requirement
for cAMP (14). Transition GC -+AT occurs with net loss ofone
interstrand stabilizing bond. (G.C pairs form three hydrogen
bonds in DNA; A-T pairs form only two.) Denaturation is en-
hanced at DNA sequences adjacent to the A-T pair, which is less
stable (14, 22, 23). Transmitted denaturant forces suffice to ob-
viate the requirement for cAMP (14, 23).

Mechanism. We propose that the denaturantqactivity of the
cAMP-CRP complex is its most important feature. The dis-
tinction between bound and exposed structures on cAMP and
the requirement for a specific hydrogen-bond pattern in the
exposed structures suggest a mechanism for the denaturant ac-
tivity. They suggest a direct interaction ofexposed cAMP struc-
tures with the DNA.

(i) The cAMP-CRP complex recognizes a specific (13) DNA
sequence at the controlled gene. Specificity of the complex re-
sides in its protein component (CRP). Binding of CRP to the
specific DNA sequence directs the complex to its site of action.

(ii) The exposed adenine ofcAMP is inserted into the minor
groove of the DNA helix (Figs. 5A and 6).

(iii) The hydrogen bonds involved in an adenine-thymine

base pair in DNA break. The thymine of this pair forms new
bonds to cAMP, specifically to its adenine N-1 and N-6 (Figs.
5A and 6). That is, the cAMP N-1 and N-6 replace an adenine
in DNA as donor/acceptor ofWatson-Crick bonds to thymine.
The reaction is an exchange or displacement with equal num-

bers ofbonds broken and re-formed. The change in free energy,
in principle, is zero.

(iv) Transmitted torsional forces rotate the receptor-base
complex to the opposite strand; inverted repeat sequences (14,
26, 27) permit opposite-strand recovery ofidentical CRP-DNA
binding and may promote this movement (Fig. 5B). (This step
is not essential.)

(v) Local denaturation is enhanced. Base-pair breakage by

31I 1d
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FIG. 6. Mechanism for indoleacetic acid. The indole carboxyl du-

plicates in its action the cAMP N-1, N-6 pair. The carboxyl's position,
however, mandates its interaction with the base adjacent (3') to the
thymine paired to by cAMP (Fig. 5A). The indole's length and hydro-
gen-bond character require that this base be adenine. Sequence shown
is that of the L-arabinose operon -128 to -132 (26). The D-lactose op-
eron does not respond to indoleacetic acid (20). It lacks this adenine
(see Fig, 5A).
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the nucleotide promotes denaturation at adjoining sites (14, 22,
23)-i. e., formation of an open complex. Initiation by RNA
polymerase (at a site 15-100 base pairs away) is enhanced.

(vi) Action of the complex is terminated by reversal of the
process. Energy "stored" in the cAMP-complement pair is re-
covered. In principle, the change in free energy for the overall
process is zero.

Analysis. Inspection ofeither CPK (space-filling) or Dreiding
models indicates the feasibility of this mechanism. The width
of the DNA minor groove is exactly sufficient to permit cAMP
entry as required. The rotation in step iv is possible and occurs
with no distortion ofhelical structure. Rotation is at three bonds
only (the 1' -* glycosidic linkage, 5'-phosphate, and 3' phos-
phate) and is easily permissible.

Our data do not rule out a less-direct action of the cAMP
adenine: e.g., the secondary establishment or maintenance of
some conformational change in CRP (16-18). However, the
cAMP adenine is exposed from all interaction with CRP, which
makes this alternative improbable. To induce a selective con-
formational change, active analogs must be able to interact ad-
ditionally with CRP-i.e., with affinities higher than those of
inactive analogs. This prediction is inconsistent with our data.
Active and inactive indoles bind to CRP with almost equal af-
finities; in fact, indoleacetaldehyde (inactive) demonstrates an
affinity slightly higher than that of indoleacetic acid (active).

PROSPECT
This paper describes a mechanism for the action ofcAMP in the
prokaryote. It predicts the exposure from CRP of a substantial
part ofcAMP: the adenine. The cAMP adenine, it predicts, in-
teracts directly with DNA. This interaction enhances the ini-
tiation ofRNA transcription. This pattern of action-exposure,
and entry into DNA-may be common also to the steroid
hormones.

We thank in particular Drs. J. S. Krakow and L. B. Chen for the gifts
of purified CRP and of laboratory space and support. We thank Dr. E.
L. Kline for discussion and for access to unpublished results. We ac-
knowledge also Drs. J. Beckwith, W. L. Duax, S. E. Luria, B. Ma-
gasanik, and C. M. Williams for critical discussion or reading of the
manuscript and Ms. Y. W. Ho for technical assistance. The work was
supported by National Cancer Institute Grant PO1-CA22427 to Dr. L.
B. Chen and by grants from the Milton Fund of Harvard University to
R.H.E. and J.R.W.

1. de Crombrugghe, B., Perlman, R., Varmus, H. & Pastan, I.
(1969) J. Biol Chem. 244, 5828-5835.

2. Zubay, G., Schwartz, D. & Beckwith, J. (1970) Proc. Natl. Acad.
Sci. USA 66, 104-110.

3. Perlman, R. & Pastan, I. (1969) J. Biol Chem. 243, 5420-5427.
4. Nissley, S., Anderson, W., Gottesman, M., Perlman, R. & Pas-

tan, I. (1971) J. Biot Chem. 246, 4671-4678.
5. Parks, J., Gottesman, M., Perlman, R. & Pastan, I. (1971)J. Biot

Chem. 246, 2419-2424.
6. de Crombrugghe, B., Chen, B., Gottesman, M., Pastan, I., Var-

mus, H., Emmer, M. & Perlman, R. (1971) Nature (London)
New Biol 230, 37-40.

7. de Crombrugghe, B., Chen, B., Anderson, W., Nissley, P.,
Gottesman, M., Perlman, R. & Pastan, I. (1971) Nature (London)
New Biol 231, 139-142.

8. Eron, L. & Block, R. (1971) Proc. NatL Acad. Sci. USA 68, 1828-
1832.

9. Emmer, M., de Crombrugghe, B., Pastan, I. & Perlman, R.
(1970) Proc. Nati Acad. Sci. USA 66, 480-487.

10. Anderson, W., Schneider, A., Emmer, M., Perlman, R. & Pas-
tan, I. (1971)J. Biol Chem. 246, 5929-5937.

11. Riggs, A., Reiness, G. & Zubay, G. (1971) Proc. NatL Acad. Sci.
USA 68, 1222-1225.

12. Anderson, W., Perlman, R. & Pastan, I. (1972) J. Biot Chem.
247, 2717-2722.

13. Majors, J. (1975) Nature (London) 256, 672-674.
14. Dickson, R., Abelson, J., Barnes, W. & Reznikoff, W. (1975) Sci-

ence 187, 27-35.
15. Nakanishi, S., Adhya, S., Gottesman, M. & Pastan, I. (1975) J.

Biol Chem. 250, 8202-8208.
16. Eilen, E., Pampeno, C. & Krakow, J. (1978) Biochemistry 17,

2469.
17. Krakow, J. (1975) Biochim. Biophys. Acta 383, 345-350.
18. Krakow, J. & Pastan, I. (1973) Proc. Natl Acad. Sci. USA 70,

2529-2533.
19. Zubay, G. (1980) Methods Enzymol 65, 856-877.
20. Kline, E., Brown, C., Bankaitis, V., Montefiori, D. & Craig, K.

(1980) Proc. Natl Acad. Sci. USA 77, 1768-1772.
21. Nakanishi, S., Adhya, S., Gottesman, M. & Pastan, I. (1974) J.

Biol Chem. 249, 4050-4056.
22. Wartell, R. (1977) Nucleic Acids Res. 4, 2779-2797.
23. Burd, J., Wartell, R., Dodgson, J. & Wells, R. (1975) J. Biol

Chem. 250, 5109-5113.
24. Pastan, I. & Adhya, S. (1976) Bacteriot Rev. 40, 527-551.
25. Watenpaugh, K., Dow, J., Jensen, L. & Furberg, S. (1967) Sci-

ence 159, 206-207.
26. Greenfield, L., Boone, T. & Wilcox, G. (1978) Proc. Natl Acad.

Sci. USA 75, 4724-4728.
27. Musso, R., DiLauro, R., Adhya, S. & de Crombrugghe, B. (1977)

Cell 12, 847-854.

Biochemistry: Ebright and Wong


