
sites that have been studied has been 
made (7, 17) and provides additional 
information (Figs. 1 and 2). The points 
that emerge from such an analysis are as 
follows. 

Cyclic AMP Receptor Protein: 1) One CRP dimer binds at each gal,  
mal ,  and lac promoter site (18-20, 21). 

Role in Transcription Activation BY analogy, a similar stoichiometry may 
be assumed for other sites. Indeed, the 
size of the DNA segment protected by 

Benoit d e  Crombrugghe, Stephen Busby, Henri  Buc  CRP against deoxyribonuclease attack is 
fairly uniform, approximately 25 base 
pairs (bp). The bases protected by cyclic 
AMP-CRP from chemical attack and the 

Cyclic adenosine monophosphate clic AMP-CRP can bind (3-8). (iii) In mutations that prevent CRP binding are 
(AMP) serves a central role in control- vitro transcription by RNA polymerase located within these sequences (3-5). 
ling the catabolic activity of both pro- of DNA fragments containing these pro- The various chemical protection experi- 
karyotic and eukaroyotic cells, but its moters is dependent on the presence of ments with the lac promoter indicate that 
effects are mediated by two very differ- cyclic AMP-CRP (9-11). (iv) In some the protein makes its major contacts in 
ent mechanisms in these two cell types, cases mutant promoters have been iso- two successive major grooves of the 
In bacteria, all known effects of cyclic lated at which cyclic AMP-CRP is un- DNA template, but the entire area of 
AMP are mediated by the cyclic AMP able to bind. At these promoters cyclic interaction spans these two successive 
receptor protein (CRP or CAP), whereas AMP-CRP fails to activate transcription major grooves, with the minor groove in 
in eukaryotes they are mediated by a both in intact cells and in vitro (12-16). between and one minor groove at each 
cyclic AMP-dependent protein kinase. In this article, we review a series of end (3). 
In both types of cells the role of these 
proteins is to sense the intracellular con- 
centration of cyclic AMP. In bacteria Summary. The structure of this pleiotropic activator of gene transcription in bacteria 
these levels vary primarily with the car- and its interaction sites at promoter DNA's as well as the role of this protein in the 
bohydrate substrate on which the cells RNA ~olvmerase-~romoter interactions are reviewed. . , 
grow (1). When the intracellular levels of 
cyclic AMP increase, CRP activates the 
expression of a series of genes in bacte- recent studies, including biochemical Within the segment protected by CRP 
ria, whereas in animal cells the cyclic and genetic analyses of a number of CRP against deoxyribonuclease I, by far the 
AMP-dependent protein kinase re- binding sites, an x-ray crystallographic most conserved sequence is S1TGTGA3' 
sponds to this signal by phosphorylating study of CRP and its comparison with (T, thymine; G, guanine; A, adenine) 
other enzymes or proteins, for example, the structure of other DNA binding regu- (Fig. 2). All the evidence indicates that 
those responsible for the breakdown of latory proteins, an analysis of CRP bind- the TGTGA sequence is critical for CRP 
glycogen. Among the genes that are acti- ing to DNA, and a study of the step in the binding. For example, in methylation 
vated in bacteria in response to an in- RNA polymerase-promoter interactions protection experiments, the protected 
crease in cyclic AMP are those that at which CRP exerts its effect to activate guanines fall in this sequence in the three 
encode the enzymes for the catabolism transcription. Although we have gained cases that have been examined (3-5). 
of lactose, arabinose, maltose, and other an accurate view of the DNA sequences The protein recognizes the residues of 
sugars. These genes can be fully ex- that are recognized by the protein and this motif that appear in the major 
pressed only when the intracellular con- have obtained a detailed picture of the groove. 
centrations of cyclic AMP are high. In three-dimensional structure of CRP, we Furthermore, genetic data emphasize 
this article we address the question of are still lacking (i) an understanding of the importance of the sequence, 
how CRP activates gene expression in the precise interactions between the cy- SfTGTGA3'. At the gal site, all three 
bacteria. Necessary steps in the activa- clic AMP-CRP complex and its binding point mutations known to prevent stable 
tion process include the binding of cyclic sites at promoters, and (ii) a comprehen- CRP binding are located in this sequence 
AMP to the receptor and the interaction sion of the relation between the structure (15); at the ara site, a 3-bp deletion 
of this complex at the promoters of ca- of CRP-promoter complexes and the in the SfTGTGA3' motif prevents CRP 
tabolite sensitive genes. mechanism of transcription activation. binding (16); and at the lac promoter, 

That transcription of these genes is point mutations that decrease CRP bind- 
indeed activated by the cyclic AMP- ing fall in this sequence (12-14). To de- 
dependent binding of CRP at specific Comparison of CRP Binding Sites tect other homologies, the different se- 
promoters was demonstrated in several quences have been aligned at their 
ways. (i) Expression of catabolite sensi- The extent to which the different CRP S1TGTGA3' motif since no other align- 
tive genes is reduced in cells that harbor binding sites have been characterized ment reveals any significant homology. 
mutations in the genes for adenylate cy- varies from one promoter to another. 
clase or for CRP (2); exogenously add- The few promoters for which CRP bind- Benoit de Crombrugghe is on the staff of the 

Laboratory of Molecular Biology, National Cancer ed cyclic AMP compensates for the ef- ing site mutations exist and for which Institute, National Institutes of ~ ~ ~ l t , , ,  ~ ~ ~ h ~ ~ d ~ ,  
fects of a deficient adenylate cyclase detailed chemical probe protection data Maryland 20205. Stephen Busby was and Henri But 

is at the Departement de Biologie Moleculaire, Insti- 
gene. (ii) Promoters of operons whose are available obviously provide most of tut Pasteur, Paris, 75015 France. The present ad- 
expression depends on cyclic AMP and the information. However, a compara- dress Of Stephen Busby is Department Of BiOchemis- 

try, University of Birmingham, Birmingham 
CRP contain specific sites at which cy- tive analysis of sequences of the various B I ~ ~ T T ,  England. 
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From this analysis a "consensus" se- 
quence emerges (Fig. 1) which consists 
of (i) the sequence TGTGA, which is 
highly conserved between different sites, 
and includes a GA doublet that appears 
in all CRP sites; (ii) a six-base pair block 
that shows little sequence preference; 
(iii) a second sequence, less well con- 
served, that contains an inverted repeat 
of the TGTGA motif. 

2) In rare cases, the sequence 6-bp 
downstream of the TGTGA motif gener- 
ates a twofold symmetry in the DNA 
sequence that is perfect (as in tnaA) or 
nearly perfect (as in lac) (10, 14). In the 
case of lac, this second sequence, and 
hence the symmetry, appears to  be func- 

1. Sites where CRP binds and stimulates transcription 
a. Mutations in b~nding site available 

tional. Evidence for this view comes 
from both genetic and biochemical data. 
Firstly, the two CRP site mutations that 
have been isolated in this site cause a 
transition of G C to A T (C, cytosine) 
in two loci, which are symmetrically 
related about the dyad axis (14). Further- 
more, the bases protected by CRP from 
attack by dimethylsulfate and ultraviolet 
irradiation, as well as  the phosphates 
that are necessary for CRP binding, as  
probed by the ethylating agent ethylni- 
trosourea, are also symmetrically placed 
around the dyad (3) (Fig. 1). Taken to- 
gether, these results show that, when 
CRP is bound at  the lac site, the se- 
quence in both of the two symmetrically 

arranged elements must recognize ap- 
proximately the same protein configura- 
tion. Because one dimer of CRP binds to 
this zone, it is likely that the subunits of 
the dimer are arranged in such a way that 
they each recognize one of the two ele- 
ments (22). 

3) In most cases, the symmetry de- 
scribed above is not observed. An im- 
portant question, thus, is whether non- 
symmetric sequences following the 
S1TGTGA3' motif are important. In gal,  
a deletion analysis showed that removal 
of these sequences blocked the action of 
CRP in vivo and in vitro. Thus, the 
sequence is important for CRP binding 
even though it is not symmetric to  the 

Fig. I .  Sequences of C R P  
binding sites. The figure 

-70 - -w t shows-the sequences around 
lacslte1 A C G [ C A A T T A A T ~ T ~ A G T T ~ A G C T @ A @ T C A T ~ A ] G G C A C  ) lac= 17sitesspecificallyrecognized - -- -40 -50 by cyclic A M P - C R P .  The se- 
gaiE(  A [ T  G C G A T A A G T & $ ~ T @ A @ A T ~ G  G  A A  T  A A A T I T  A G T G G A A T  quences are aligned by the un- 

- IW derlined motif S1TGTGA3', 
araBAD4 C[A T  A ~ C A A A G T ~ T O A @ G C ~ C G  T @ @ A A A T  A A  TCAA;;]T e a r a c  which i s found in l3ou to f the  

17 sequences. The other four 
b. No mutations available sequences are aligned by the 

-80 -70 -80 best fit to this sequence which 
G  A  T  T  T  G[G A  A  T  T  G  T  G  A  C  A  C'A G  T  G  C  A  A  A  T  T  C  A  G  A  C  A  C  A  T I  )maiT also underlined, Nhmbers 

-ea -M -40  -30 above the sequences indicate 
c a t s ~ t e l  T T G G C G A A A [ A T G A G A C G T ' T  G A T C G G C A C G I T A A G A G G  ecat distances in base pairs from 

-50 X-a -30 the corresponding transcrip- 
deos i te l  T T T C C [ T T A A T T G T G A T G T G  T A T C G A A G T G T G T T I G C G  )deoC t i o n s t a r t p o i n t ~ ~ o r i z o n t a ~ a r -  

-70 -60 -50 rows indicate the direction of 
G A  A  C G A  T T  G  T  G A  T  T  C'G A  T  T  C  A C  A  T  T  T  A A A C A A  T  ) t m A  transcription relative to the 

2. Sites where CRP is likely to bind and stimulate transcription C R P  site sequences. Next to 
-80 -70 -BO -50 

these arrows the symbol of the 
C A G T A C A A A A C G T G A T C A ~ A C C C C T C A A T T T T C C C T T  ,i,vB first transcribed gene is indi- 

-90 -2 00 -110 
cated. In the case of ara ,  

maIK4  A C A C G G C T T C T G T G A A C T A A A C C G A G G T C A T G T A A G  where divergent transcription 
occurs, the sequence is num- 

-90 -1W - 110 - 120 

m a l ~ 4  C G T C G C T T T G T G T G A T C T ~ C T G T T A C A G A A T T G G C G G  bered with respect to the ara- 
BAD transcription start point. 

- 100 -90 -m 
A G T [ G A A T T A T T T G A A C C ~ A G A T C G C A T T A C A G ] T Q A T  deosite2 In each sequence, the brackets mark the outermost nucleo- 

3. Sites where CRP binds but for which no role has been established tides protected by C R P  in 
- ( + I  + l o  +20 deoxyribonuclease protection 

G T [ G T G G A A T T G T G A G C G ~ G A T A A C A A T T T C A C ] A C A  lac site 2 studies. Since many studies 
- 140 - 1% - 120 were performed in different 

A A T A A A [ T A C C T G T G A C G G ~ A A G A T C A C T T C ] G C A G A A T  catsite? laboratories under different 
- IX) - 130 - 140 conditions, these brackets can 

A C T T T T [ C T G C C G T G A T T A ~ T A G A C A C T T T T G T T A C ] G  ara site 2 only be regarded as approxi- 
-30 -40 -50 

mate limits of each C R P  site. 
pBR-P44 C  C  A  T  A  [T G  C  G  G  T  G  T  G  A  A  A  T'A C  C G  C  A  C A]G A  T  G  C  G  T  A  A  G  pBR-P4 The sites are classified in four 

groups: (Group 1) Sites where 
4. Sites where CRP binds but only inhibits transcription (in vitro) C R P  binds and stimulates 

- 20 - 30 -40 -50 transcription. The position of 
o m p A 4  A A C T T A C [ A A G T G T G A A C T X ~ C G T C A ] G G C A T A T G A A A  OmpA the mutations that define the 

+w +50 +40 C R P  binding site are indicated 
crp( [ T G C A C G G T A A T G T G A C G T X ~ C T T T G C A ] T A C A T G C  by vertical arrows. Guanines 

Summary protected by C R P  from modi- 
fication with dimethylsulfate 

G  3 5 4 3 1 2 5 0 1 6 0 1 7 0 2 5 2 4 6 4 3 0 5 2 2 4 0 2 4 2 8 5  are boxed. whereas cvtosines 
which are complementary to 
protected guanines are circled. 
(Grouu 2)  Sites where C R P  is 

C 5 2 3 4 1 1 3 2 0 0 0 0 6 6 4 4 4 3 2 1 2 2 8 2 2 1 4 2 3 2 4  
likely 'to' bind and stimulate 
transcription, but for which no 

N N N N A A N T G T G A N N T N N N N C A N A T T N N N N N  ribonuclease protection data are available. 
(Group 3) Sites where C R P  binds but for 

which no role has been established. This group includes the second C R P  site at the lac ,  ca t ,  dpoP2,  and ara promoters. It also includes the site at 
the pBR-P4 promoter where C R P  stimulates transcription but only in vitro, not in intact cells. (Group 4) Sites where C R P  binds but only inhibits 
transcription in vitro. The summary shows the frequency of appearance of each of the four bases at each position. Underneath we deduce a 
consensus sequence comprised of nucleotides that appear nine or more times at each position throughout the 17 cases examined. 
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S'TGTGA3' motif. Since this sequence is 
protected by the cyclic AMP-CRP com- 
plex against deoxyribonuclease attack, 
at least some of its elements are recog- 
nized by the second subunit of the CRP 
dimer and must contribute to the overall 
stability of the complex (4, 18, 23). We 
propose, therefore, that the two subunits 
of CRP recognize two zones of se- 
quences separated by 6 bp. One of these 
contains the sequence S'TGTGA3'. The 
other stretch contains either a symmetri- 
cally arranged second version of this 
sequence or another type of sequence. 

4) Affinity of CRP for DNA appears to 
be higher when the sequence down- 
stream of the conserved 5'TGTGA3' mo- 
tif is symmetrical than when it is not 
symmetrical. The binding of the cyclic 
AMP-CRP complex to a fragment con- 
taining the lac promoter is favored by 5 
kcaVmole over binding to fragments that 
do not contain a binding site (24). How- 
ever, in comparison to the lac site at 
-60, binding of CRP to the malT site is 
less stable by roughly 0.6 kcallmole, to 
the gal site by 1.4 kcallmole, and to the 
CRP site in the lac operator by 2.5 kcall 
mole (21). In these cases only one CRP 
dimer is bound per site (18, 19, 21), and a 
single cyclic AMP molecule bound to the 
dimer suffices for the stable binding of 
the complex (25). This hierarchy of CRP 
binding affinities to diffe~ent DNA tem- 
plates may explain the observation that 
different cyclic AMP-sensitive genes are 
activated by different concentrations of 
cyclic AMP in vivo (26, 27). 

5) The distance between the transcrip- 
tion start point and the CRP binding site 
is different at different promoters (see 
Table 1). Furthermore, the S'TGTGA3' 
sequence, which is always located to- 
ward one end of the zone protected by 
deoxyribonuclease, is found either at the 
end distal or proximal to the transcrip- 
tion start (see Fig. 1). The motif can, 
therefore, be found on either the "tran- 
scribed" or "nontranscribed" strand. 
Hence, when the sequence recognized 
by CRP is asymmetric, the consensus 
sequence can adopt either of two orien- 
tations with respect to the direction of 
transcription. These differences in loca- 
tion and orientation of the CRP sites 
indicate that the distance between the 
CRP site and the start of transcription is 
not critical, and argues against a fixed 
interaction between cyclic AMP-CRP 
and the RNA polymerase molecule in 
open complexes, analogous to the inter- 
actions of the sigma subunit with the rest 
of the enzyme. 

6) At some promoters, like those for 
the araBAD, malK-lamB, and malE, F, 
and G operons, an additional protein, the 

Table 1. Distance (in number of bases) be- sult in a very efficient promoter, which 
tween center of CRP binding sites and start of ~resumablv would be verv difficult to 
transcription. 

malE - 1061107 ilvB - 64165 
malK -991100 pBR-P4 -42143 
araBAD -93194 gal -41142 
mafr -70171 deo site 1 -40141 
lac site 1 -61162 ompA - 36137 
tnaA -61162 

AraC protein or the MalT protein is also 
required for activation of transcription 
(28). These activator proteins also bind 
to the promoter, but it is not known 
whether there are direct protein interac- 
tions between the two activating pro- 
teins. 

7) In some cases (for example, lac, 
ara, cat) two CRP binding sites have 
been found (5, 6). The secondary sites 
bind CRP less tightly than the primary 
sites. Although there is no evidence that 
they are essential for transcription acti- 
vation, they may participate in the 
search of CRP for the main site. 

8) Examination of the sequences 
around the transcription start points at 
CRP regulated promoters reveals a par- 
ticularly poor correspondence with the 
consensus sequences that have been es- 
tablished for Escherichia coli promoters. 
In most cases, the -35 sequence 
"TTGACA" is barely apparent, the 
Pribnow box sequence ("TATAAT") is 
often very imperfect, and the spacing 
between these two elements is more than 
the optimal 17 bp. This is perhaps not 
surprising because a good fit with these 
three structural determinants would re- 

Eegulate b; CRP. ~ o r e o v l r ,  the CRP- 
dependent promoter sequences show no 
apparent systematic deviation from the 
consensus. 

9) Although the major role of cyclic 
AMP-CRP is undoubtedly to activate 
transcription, CRP binding can in some 
systems repress transcription. At the gal 
promoter, CRP binding is responsible 
not only for the activation of one pro- 
moter (PI) but also for the inhibition of a 
second (P2) (29). Because CRP binds to 
the -35 region of the P2 promoter, it is 
likely that CRP blocks access of RNA 
polymerase to P2 (4). CRP also acts as a 
repressor of transcription of its own pro- 
moter in vitro. Similarly, in vitro, CRP 
inhibits transcription of the gene for the 
major outer membrane protein, OmpA, 
again by binding near the -35 region of 
the promoter (8). 

Structure of CRP 

CRP is a dimer composed of two iden- 
tical subunits, each containing 210 amino 
acids. Its complete amino acid sequence 
has been deduced from the nucleotide 
sequence of the cloned CRP gene (30). 
Equilibrium dialysis studies indicate that 
two molecules of cyclic AMP can bind 
per CRP dimer (31). 

Like several other DNA-binding regu- 
latory proteins, CRP is composed of a 
DNA-binding domain and of another do- 
main that acts to regulate binding to 
DNA. For CRP the existence of two 

100 

75 

Fig. 2. Histogram of se- 
quences in CRP binding sites. 
The CRP sites are aligned on 
the TGTGA motif as in Fig. 1. 
For each position the base 50 
marked on the first line is rep- 
resented by the highest bar 
and is expressed in percent 
occurrence; the base on the 
second line is represented by 
the second highest bar, and so 25 
on. 
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separate domains was first suggested by 
a series of proteolytic digestion experi- 
ments that identified an amino-proximal 
fragment that retains cyclic AMP-bind- 
ing activity but has lost DNA-binding 
activity and a carboxyl-terminal frag- 
ment that retains DNA binding but has 
lost cyclic AMP binding (32). 

This two-domain structure was clearly 
shown by the 2.9 A resolution crystal 
structure of CRP complexed with cyclic 
AMP (see Fig. 3). A larger amino-termi- 
nal domain extending from residue 1 to  
135 is separated by a cleft from a smaller 
carboxyl-terminal domain that extends 
from residue 136 to 210 (33). The amino- 
terminal domain of each subunit contains 
one cyclic AMP molecule buried in the 
interior of the protein. Residues from 
both subunits appear to be involved in 
the binding of each cyclic AMP. The 6- 
amino group of the adenine ring of cyclic 
AMP interacts with Thr'27 (threonine at  
residue 127) on one subunit and Ser128 on 
the other (33, 34). 

A segment of the amino-terminal do- 
main of CRP (residues 30 to 89) exhibits 
significant sequence homologies with 
two segments of the regulatory subunit, 
R-I1 of the eukaryotic cyclic AMP-de- 
pendent protein kinase enzyme. Since 
each R-I1 subunit contains two cyclic 
AMP-binding sites, it is possible that R- 
I1 contains two structural domains simi- 
lar to  the p-roll structure in CRP, in 
which cyclic AMP is buried when it 
interacts with the protein. Hence, it has 
been proposed that a specifically con- 
served cyclic AMP-binding domain may 
be used in both proteins to  respond to 
the same physiological stimulus (35). In 
bacteria, this domain is linked to a DNA 
binding domain in a single polypeptide 
chain and influences the DNA binding 
domain by causing allosteric conforma- 
tional changes; whereas in eukaryotes it 
interacts through subunit-subunit inter- 
actions with the catalytic subunit of the 
protein kinase. 

The smaller carboxyl-terminal domain 
of each CRP subunit consists of three a -  
helices connected by short 6-sheet struc- 
tures. In each subunit, one of these a -  
helices, F ,  clearly protrudes from the 
surface of the CRP dimer. These two a- 
helices are thought to  provide the major 
interaction sites with the DNA targets 
since their axes run approximately paral- 
lel to each other at  a distance of 34 A 
(33). Recently CRP mutants were isolat- 
ed that suppress two symmetrically lo- 
cated lac CRP-binding site mutations. 
The CRP mutations cause a change in 
one amino acid in the N-terminal part of 
a-helix F ,  implying that this segment 
provides crucial interactions with the 
DNA template (35a). 

Comparison of CRP with Other 

DNA Binding Poteins 

The understanding of the structure of 
CRP was enhanced by comparing it with 
the x-ray structures of the Cro and cI 
repressors of bacteriophage lambda (36, 
37). This comparison reveals a striking 
structural homology in the relative posi- 
tion and orientation of two consecutive 
a-helices, helix E and helix F ,  in the 
carboxyl-terminal domain of CRP, and 
helix I1 and I11 in the amino-terminal part 
of Cro. Moreover, the path of the 24 a -  
carbon atoms in the structural unit that 
contains these two helices in CRP can be 
superimposed on the path of the a-car- 
bon atoms of the two homologous heli- 
ces in Cro (38). A similar structural ho- 
mology is also seen between the same 
two helices in Cro and two similar heli- 
ces in the lambda cI repressor (37). Thus 
a conserved helix-turn-helix motif is 
found in each of the three proteins. Fur- 
thermore, in a number of other DNA 
binding proteins sequences appear which 
show a clear homology with those that 
form the helix-turn-helix motif in CRP, 
Cro and c I  (39, 40). These proteins, for 
which x-ray crystallographic data are not 
yet available, include the cII proteins of 
phages lambda and 434, the repressor 
and Cro proteins of phages P22 and 434, 
and the lac and gal repressors of E. coli. 
Some lac repressor mutations that are 
defective in operator binding map in the 
sequence that is homologous to the con- 
served helix-turn-helix motif (41). 

All these DNA binding proteins con- 
tain, therefore, a similar helix-turn-helix 
domain that is probably essential for 
their interactions with DNA. During the 
assembly of these genes, sequences for 
additional domains were probably added 
to a basic DNA recognition unit. These 
additional domains provide the determi- 
nants required for ligand binding, sub- 
unit-subunit interactions, and allosteric 
modifications of the protein. Although 
the basic design of the DNA interaction 
unit appears to  be conserved, most of 
these different proteins recognize a dis- 
tinct site on the DNA. The specificity in 
DNA recognition must be provided by 
the side chains in the motif and possibly 
by other adjacent residues for both re- 
pressors and activators. 

A striking difference between CRP and 
the other proteins is that in CRP it is the 
carboxyl-terminal part of the molecule 
that contains the helix-turn-helix DNA 
binding motif, whereas in the other DNA 
binding proteins discussed above, this 
motif is located in the amino-proximal 
part of the molecule. Recently, however, 
a study of the sequence of the E .  coli fnr 
gene, which is essential for anaerobic 

respiratory metabolism, suggested that 
in this case it is also the carboxyl-termi- 
nal end that interacts with DNA (42). 
Indeed, a sequence homologous to  the 
helix-turn-helix motif is found at about 
the same place in the Fnr protein as  in 
CRP. Additional areas of homology are 
found between the amino-proximal do- 
main of CRP and the Fnr  protein al- 
though the Fnr  protein presumably does 
not bind cyclic AMP. Interestingly, the 
Fnr protein fulfills a somewhat similar 
function as CRP: it is a pleiotropic acti- 
vator for a series of genes which are 
turned on when aerobic metabolism be- 
comes limiting. The sequence analysis 
suggests that the fnr gene may have 
derived by duplication either from the 
CRP gene itself or from a common an- 
cestor. 

Possible Interactions of CRP with DNA 

Deduced from X-ray Structure 

For both the lambda Cro protein (36, 
43) and the lambda cI protein (37) attrac- 
tive models for interactions with DNA 
were suggested from the x-ray data. The 
models suggest that two symmetrically 
related a-helices in each of these dimeric 
proteins interact with two symmetrical 
DNA sequences in two successive major 
grooves of right-handed DNA. In each of 
these two proteins, as in CRP, this inter- 
acting a-helix in one subunit is separated 
from the symmetrical helix jn the other 
subunit by a distance of 34 A. The mod- 
els account for both the biochemical 
protection data and the location of muta- 
tions in the target DNA. For  the Cro 
dimer, the two a-helices fit neatly in two 
successive major grooves of right-hand- 
ed DNA (36, 43); for the lambda repres- 
sor, the relative positions of these two a- 
helices in the major grooves are some- 
what different (37). For  CRP, the x-ray 
data were initially interpreted to rule out 
a model of interactions with right-handed 
DNA analogous to those proposed for 
Cro and cI (34). Indeed, if the long axis 
of the DNA binding domain in the dimer 
is aligned on the long axis of the DNA, 
the two F a-helices appear to lie across 
rather than parallel to  the major grooves 
of right-handed DNA. Because the rela- 
tive orientation of these two F helices is 
complementary to two successive major 
grooves of left-handed B DNA, McKay 
et al. proposed that CRP binds to  left- 
handed B DNA (33). This is, however, 
very unlikely, because if the DNA at  the 
CRP target site was left-handed, the 
binding of cyclic AMP-CRP to a closed 
circular DNA would greatly change its 
linking number in experiments where the 
DNA is nicked, then resealed. In fact, 



only very small changes in the linking 
number were found when the cyclic 
AMP-CRP complex binds to a closed 
supercoiled circular DNA containing ei- 
ther the lac or the gal CRP binding site 
(44). 

An alternative model where CRP in- 
teracts with two successive major 
grooves of right-handed B DNA was, 
therefore, considered (37, 40, 45). This 
model proposes that it is the NH2-termi- 
nal part of the F a-helices which enters 
two successive major grooves in a way 
that is similar to the interaction of helix 
"3" of the lambda repressor. For the 
lambda repressor the orientation of helix 
"3" is thought not to be exactly parallel 
to the path of the major groove (37). The 
two symmetrical helices "3" of the c1 
dimer cannot be fit completely in two 
successive major grooves, mainly be- 
cause the carboxyl-terminal part of these 
helices do not protrude enough from the 
surface of the protein. In the case of CRP 
a similar arrangement would allow inter- 
actions 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 (45). 
Recent experiments strongly suggest 
that binding of CRP to DNA causes the 
DNA to bend (46). A further alternative 
hypothesis is that the active form of CRP 
is only obtained after the cyclic AMP- 
CRP complex interacts with DNA and 
that this active form has a different con- 
figuration from that which was crystal- 
lized. X-ray analysis of cocrystals of 
CRP with DNA should obviously tell 
whether this is the case. 

Multiple Conformational States of CRP 

Several types of experiments indicate 
that the binding of cyclic AMP to CRP 
causes conformational changes in the 
protein. For example, the sensitivity of 
CRP to cleavage by proteolytic enzymes 
is much higher in the presence of cyclic 
AMP (32). Another example is the induc- 
tion by dithiobis-(2-nitrobenzoic acid) 
(DTNB) of an intersubunit disulfide 
cross-link in CRP that occurs only in the 
presence of cyclic AMP (32). Experi- 
ments with a mutant CRP, which is able 
to function in the absence of cyclic 
AMP, suggest that these changes are 
important for activation of transcription. 
This mutant CRP, indeed, displays a 
sensitivity to proteolytic enzymes in the 
absence of cyclic AMP which resembles 
the sensitivity of wild-type CRP in the 
presence of cyclic AMP (47). This sug- 
gests that the conformation of the mutant 
protein in the absence of cyclic AMP is 

Fig. 3.  Drawing of the CRP dimer. The amino- 
proximal domain consists of a-helix A, P- 
sheets 1 to 8, and a-helices B and C. The 
DNA binding carboxyl-terminal domain con- 
sists of a-helices D, E, and F,  and the resi- 
dues connecting these helices. The two F 
helices, which clearly protrude from the di- 
mer, are thought to provide many of the 
interactions with DNA. All the interactions 
between the two subunits are provided by the 
large amino-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 relat- 
ed by a perfect dyad axis of symmetry. [From 
(40); courtesy of Cold Spring Harbor Labora- 
tory Press]. 

similar to the one that is normally in- 
duced by cyclic AMP in wild-type CRP. 

A minimal model to explain these con- 
formational changes would suggest that 
two conformations exist, an "inactive" 
conformation and an "active" confor- 
mation which is more sensitive to prote- 
olysis and disulfide cross-linking, which 
binds cyclic AMP, and which has an 
increased affinity for DNA. Indeed, the 
addition of cyclic AMP does strongly 
increase the overall affinity of CRP for 
double-stranded DNA (48, 49). Con- 
versely, binding to DNA increases the 
affinity of cyclic AMP for CRP (31). 
However, this two-state model fails to 
account for all the data. Indeed, some of 
its predictions are clearly not fulfilled. (i) 
All the changes in the protein structures 
due to one activator (cyclic AMP) should 
also be triggered by the other (DNA). 
However. DNA increases the fluores- 
cence quantum yield of a tryptophan 
residue which is unaffected by cyclic 
AMP binding (24). Further, DNA causes 
the protein to aggregate beyond the di- 
meric state (50-52). These cooperative 
effects are clearly dependent on the bind- 
ing of CRP to DNA because in its ab- 
sence CRP does not show any tendency 
to aggregate beyond its dimeric struc- 
ture. (ii) Only two types of cyclic AMP 
analogs should be found, those that can 
trigger the overall activating process and 

those like cyclic guanosine monophos- 
phate (GMP) unable to do it. In fact, 
another class of analogs with monosub- 
stitutions at the N-6 or C-2 positions in 
the purine bind to CRP as well as cyclic 
AMP and produce the same effects on 
proteolysis and disulfide cross-linking. 
However, these analogs fail to stimulate 
binding to poly(dA-T) (polydeoxyade- 
nylate-deoxythymidylate) or to promoter 
DNA and to activate transcription in 
vitro (54). Cyclic AMP must therefore 
cause an additional conformational mod- 
ification in CRP that this other class of 
analogs is unable to produce. 

Changes in DNA Structure 

Caused by CRP 

By interacting with DNA, CRP alters 
the structure of DNA. Circular dichro- 
ism studies are consistent with the no- 
tion that in both the presence and ab- 
sence of cyclic AMP, the DNA becomes 
more compact (50, 51). In experiments 
performed in the absence of cyclic AMP, 
molecules of pBR322 DNA were con- 
densed fourfold when covered by CRP, 
resulting in the formation of long cylin- 
drical rods of approximately 110 A cross- 
section with regular periodical striations. 
In these structures the DNA is probably 
arranged as a tightly wound solenoidal 
supercoil (52, 53). 

Structural changes in the DNA are 
also found when cyclic AMP-CRP inter- 
acts with specific DNA sites. Indeed, a 
1: 1 complex between a lac promoter 
DNA fragment and cyclic AMP-CRP 
was found to display an anomalous elec- 
trophoretic mobility, probably caused by 
structural changes in the DNA that are 
induced by CRP (20, 29). It is clear that 
these changes are not due to a transition 
from right-handed to left-handed DNA 
(44), nor are they due to unwinding of the 
DNA because binding of cyclic AMP- 
CRP to its recognition site at the lac 
promoter produces, in fact, a stabiliza- 
tion of the DNA duplex (55). However, 
the significance of the changes in DNA 
structure for the activation of transcrip- 
tion by cyclic AMP-CRP remains unex- 
plained. 

Activation of Transcription by 

Cyclic AMP-CRP 

Much of our understanding of tran- 
scription initiation in bacteria is based on 
a comparison of DNA sequences of wild- 
type and mutant promoters and on vari- 
ous assays designed to measure the func- 
tional strength of these promoters. 

Examination of different promoter se- 



quences shows two regions of homology, 
one centered at about - 10, the other in 
the -35 region (56). The distance be- 
tween the -35 consensus and the -10 
consensus is optimally 17 bp (53,  but 
promoters with spacing of as little as 15 
or as many as 20 bp retain a partial 
function. Strong promoters show a high- 
er degree of homology with these con- 
sensus sequences than do weaker pro- 
moters. Although the vast majority of 
promoter mutants map in one or the 
other of the two consensus sequences, 
some map outside the -10 or -35 ho- 
mologies, an indication that structural 
features other than the -10 and -35 
consensus may also play a role in deter- 
mining promoter strength. 

Interactions between RNA polymer- 
ase and promoters can generally be de- 
scribed by a simple two-step model (58). 
In this scheme, the enzyme binds to the 
promoter to form an inactive or 
"closed" complex. This binding step is 
reversible and is characterized by an 
association constant, Kg. The closed 
complex isomerizes to give rise to an 
active or open complex. This isomeriza- 
tion which includes a localized unwind- 
ing of the DNA over a distance of ap- 
proximately 12 bp near the transcription 
start is generally irreversible, and the 
corresponding rate constant, kf, is slow 
(59). 

McClure has developed a method, 
called the abortive initiation assay, 
which allows quantitation of both Kg and 
kf (59). This method is based on the 
ability of RNA polymerase, when pres- 
ent in an open complex, to synthesize, 
at a steady-state rate, a short oligonucle- 
otide corresponding to the 5' end of 
a promoter specific messenger RNA 
(mRNA). Elongation is prevented by the 
omission of one or more nucleoside tri- 
phosphates. If the reaction is started by 
the addition of RNA polymerase, a lag 
occurs before the establishment of the 
rate of the steady state. A kinetic analy- 
sis of this lag at different RNA polymer- 
ase concentrations gives information 
about both the association constant of 
the binding step and the rate constant of 
the isomerization step (Kg and kf). The 
final steady-state rate of oligonucleotide 
synthesis is a measure of the number of 
promoters at which an RNA polymerase 
molecule is correctly placed (59). 

The usefulness of the abortive initia- 
tion assay has been substantiated by a 
series of results. First, strong promoters 
have high values of both Kg and kf, 
whereas weak promoters have low val- 
ues for both constants. Second, the phe- 
notype of both up and down promoter 
mutants can be explained from their be- 

havior in vitro because the mutations 
affect one of the two constants or both. 
In addition, a comparative study of a 
number of wild-type and mutant promot- 
ers has identified these elements in the 
promoter sequence that are important in 
determining the values of Kg and kf. A 
high value of Kg is generally associated 
with a good consensus sequence in the 
-35 region and, conversely, mutants in 
the -35 sequence affect Kg. The value of 
kf depends mainly, but not exclusively, 
on the degree of homology of the -10 
sequence with the consensus Pribnow 
sequence, and on the distance between 
the -35 and the -10 sequences (57, 
60). 

CRP Activation of the lac Promoter 

The abortive initiation assay has been 
used to examine the role of CRP with the 
lac promoter as template (61). The wild- 
type lac promoter is a very poor promot- 
er in the absence of CRP and cyclic 
AMP, and the values of both kf and Kg 
are low. Even after long incubation times 
only 3 percent of the wild-type lac pro- 
moter molecule actively transcribes the 
5' lac mRNA oligonucleotide, suggesting 
that other sites in the lac control region 
may be competing for the polymerase. 
Interestingly, a second lac promoter, P2, 
which promotes transcription 22-bp up- 
stream from the conventional lac tran- 
scription start point, has recently been 
identified from in vitro transcription ex- 
periments (61, 62). Thus the simplest 
explanation for the low fractional occu- 
pancy of the lac promoter (PI) in the 
absence of cyclic AMP-CRP is that the 
lac P2 promoter and maybe other cryptic 
promoter sites act as competitors for 
RNA polymerase binding and divert the 
RNA polymerase molecules away from 
the conventional lac promoter (PI). Be- 
cause the P2 and P1 sequences overlap 
each other, RNA polymerase bound to 
P2 will block access to PI.  

Addition of cyclic AMP and CRP has 
two effects on the lac promoter. First, it 
enhances the rate of open complex for- 
mation. This occurs by increasing the 
value of Kg without affecting kf. Second, 
the presence of cyclic AMP-CRP also 
increases the fractional occupancy of the 
lac P1 promoter by RNA polymerase. 
This increased occupancy is due to inhi- 
bition by cyclic AMP-CRP of RNA poly- 
merase binding to P2 and perhaps to 
other secondary sites. Thus, in the pres- 
ence of the cyclic AMP-CRP complex, 
the P2 promoter no longer competes for 
RNA polymerase binding to PI ,  and 
RNA polymerase molecules are no long- 

er diverted from forming an open com- 
plex at the lac promoter (61). 

The inhibition by cyclic AMP-CRP of 
RNA polymerase binding to the lac P2 
site and to other sites does not explain 
the observed increase in Kg (61). Indeed, 
if inhibition of RNA polymerase binding 
at P2 was solely responsible for the effect 
of the complex on lac transcription, the 
overall binding constant of RNA poly- 
merase, Kg, would be expected to de- 
crease because, by merely blocking 
some binding sites, cyclic AMP-CRP 
should decrease the total number of re- 
versible interactions between RNA poly- 
merase and the lac promoter. Therefore, 
the cyclic AMP-CRP complex has both a 
direct (stimulation of Kg) and an indirect 
effect (inhibition of RNA polymerase 
binding to accessory promoters). 

CRP Activation of the gal Promoter 

Dual control by cyclic AMP-CRP of 
two overlapping promoters was first ob- 
served in the gal operon (29). One pro- 
moter (PI) is dependent on the presence 
of cyclic AMP-CRP whereas the second 
promoter (P2) is active in the absence of 
cyclic AMP-CRP and is inhibited by 
these factors. Increasing the concentra- 
tion of CRP or cyclic AMP causes an 
increase in P1 and a proportional de- 
crease in P2 activity. In cells harboring a 
point mutation in the gal CRP binding 
site, cyclic AMP-CRP is unable either to 
inhibit P2 or to activate PI ;  thus, the two 
effects must be due to the binding of CRP 
at the same site (15). The two promoters 
overlap each other and are mutually ex- 
clusive. The striking analogy of the two 
gal promoters with the two lac promot- 
ers suggests that a similar mechanism of 
competing and mutually exclusive pro- 
moters is a necessary part in the control 
of activation of transcription initiation at 
both the lac and gal P1 promoters. An 
analysis of the kinetics of open complex 
formation at the gal P1 and P2 promoters 
again shows that the same cyclic AMP- 
CRP complex not only excludes RNA 
polymerase from P2 but also acts posi- 
tively on the kinetic parameters of P1 
(63). 

Mechanism of Activity and 

Its Implications 

Models to explain how CRP activates 
transcription initiation must take into 
account the following points. 

1) In lac ,  cyclic AMP-CRP does not 
affect the isomerization step in the RNA 
polymerase-promoter interaction, but 
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stimulates the formation of closed com- 
plexes between RNA polymerase and 
promoter DNA that have a high proba- 
bility of forming open complexes and 
initiate transcription at the correct site. 
By analogy, cyclic AMP-CRP may have 
a similar function in the other cyclic 
AMP-dependent promoters; activation 
of transcription is achieved by increasing 
the affinity of RNA polymerase for the 
promoter and by blocking competing and 
overlapping promoter sites. 

2) The distance between the CRP 
binding site and the start of transcription 
is not the same at different cyclic AMP- 
dependent promoters; and, when the 
CRP binding site is asymmetric, the ori- 
entation relative to the direction of tran- 
scription also varies. It is possible that 
the distance between the site where 
RNA polymerse makes its initial interac- 
tions with the promoter in a closed com- 
plex and the transcription start point is 
not crucial. 

3) The cyclic AMP-CRP complex 
causes changes in the DNA structure. 
These changes are not transitions from 
right-handed to left-handed DNA. Cyclic 
AMP-CRP also does not unwind the 
DNA duplex and, therefore, does not 
stimulate transcription by unwinding 
neighboring regions of the promoter. The 
step at which CRP acts at the lac pro- 
moter, that is, the formation of a correct 
closed complex, would not require such 
changes in the DNA. However, we do 
not know whether the observed changes 
in DNA structure are needed for the 
activation process. 

4) Numerous indirect arguments favor 
the view that protein-protein interactions 
between cyclic AMP-CRP complex and 
RNA polymerase could mediate the in- 
crease in Kg.  Indeed, in the presence of 
cyclic AMP, RNA polymerase and CRP 
have been shown to cosediment (64). 
Furthermore, the increased affinity of 
the cyclic AMP-CRP complex for its 
binding site at the lac and gal promoter 
in the presence of RNA polymerase (63) 
is also consistent with this view. There is 
evidence that CRP remains bound to its 
site on gal DNA at -35 after formation 
of the open complex, and that CRP and 
RNA polymerase are very close to each 
other in the ternary complex (65). The 
location of the gal CRP site around -35 
and the absence of a -35 sequence for 
gal P1 (the cyclic AMP-CRP dependent 
promoter) have prompted the hypothesis 
that the CRP protein itself provides some 
of the ~nteractions normally provided by 
the -35 segments in other promoters 
(15). Since the other cyclic AMP-sensi- 
tive promoters also show a generally 
poor homology with the -35 consensus 

sequence CRP may somehow also be 
able to compensate for this deficiency 
and orient the RNA polymerase mole- 
cule in its search for a correct Pribnow 
box. It is, therefore, possible that the 
CRP dimer contains, in addition to its 
cyclic AMP and DNA binding sites, a 
site for interactions with RNA polymer- 
ase 

Models for the mechanism of activa- 
tion of transcription are inherently much 
more difficult to formulate (but more 
interesting to study) than models for 
repression of transcription. Indeed, if a 
repressor has a sufficient affinity for a 
given DNA segment at a promoter, its 
binding to this fragment will sterically 
prevent the RNA polymerase from mak- 
ing the correct interactions with the pro- 
moter. To be able to undergo positive 
regulation over a wide range of activities 
a promoter needs, first, to have a low 
level of activity in the absence of the 
activator. This can be accomplished, for 
example, if the sequence determinants 
that are important for RNA polymerase- 
promoter interaction deviate from the 
consensus sequence or if additional 
RNA polymerase binding sites are pres- 
ent in the promoter which can divert the 
enzyme from initiating at the correct 
start site. Activation could occur by 
stimulating either the binding of RNA 
polymerase or its isomerization rate, or 
by blocking competing RNA polymerase 
binding sites. The lambda cI protein, 
which is an activator for the synthesis of 
its own RNA, activates transcription of 
the PRM promoter of lambda DNA by 
increasing the isomerization rate without 
affecting the binding constant, KB (66). 
In contrast, cyclic AMP-CRP activates 
lac transcription both by increasing the 
binding constant of RNA polymerase 
and by excluding competing RNA poly- 
merase binding sites. How the increased 
binding is accomplished by CRP is still 
unknown, largely because of our igno- 
rance about the biochemical properties 
of closed complexes. It seems clear, 
however, that the isolation and biochem- 
ical characterization of different CRP 
mutants should help resolve this prob- 
lem. 
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ern blot analysis (12) of nuclear DNA 
from these and several other higher 
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plants have revealed that the rbcS is 
encoded by a multigene family (5, 11, 13- 
15). 

One approach to understanding the 
tissue-specific, light-dependent expres- 
sion of rbcS is to construct mutations in 

Light-Regulated Expression of a Pea 
Ribulose-1,s-Bisphosphate 

Carboxylase Small Subunit Gene in 
Transformed Plant Cells 

putative regulatory regions and study 
their effects on gene expression (16). 
Such experiments require a system for 
plant cell transformation. We therefore 
used tumor-inducing (Ti) plasmid vec- 
tors to introduce a pea rbcS gene into 
petunia cells (1 7). During transformation Richard Broglie, Gloria Coruzzi, Robert T. Fraley 

Stephen G. Rogers, Robert B. Horsch, Jeanne G. Niedermeyer 

Cynthia L. Fink, Jeffery S. Flick, Nam-Hai Chua 

of susceptible plant cells by virulent 
strains of Agrobacterium tumefaciens, a 
segment of the Ti plasmid, called T 
(transferred) DNA, is inserted and stably 
incorporated into the nuclear DNA (18). 
We now show that a pea rbcS gene 
(pPS4.0) is expressed after its transfer 
into petunia cells. The expression of the 

The enzyme ribulose-1,s-bisphosphate 
carboxylase-oxygenase (Rubisco) (E. C. 
4.1.1.39) catalyzes the fixation of carbon 
dioxide in photosynthetic organisms. In 
higher plant chloroplasts the holoen- 
zyme is composed of eight copies each of 
two nonidentical subunits; a large sub- 
unit (rbcL) encoded by chloroplast DNA 
(1, 2) and a small subunit (rbcS) encoded 
by nuclear DNA (3). Recent chloroplast 
transport studies in vitro have demon- 
jtrated that the rbcS polypeptide is syn- 
thesized as a larger precursor that is 
imported into chloroplasts by an energy- 
dependent (4 ) ,  posttranslational process 
(3). The genes coding for rbcS exhiblt a 
diverse array of regulatory properties. In 
peas, the rbcS polypeptide is a major 

product of cytoplasmic protein synthesis 
in leaves, but is either absent or present 
in reduced amounts in other plant parts 
(5). In plants that utilize the C4 photo- 
synthetic pathway, both rbcS and rbcL 
subunits are present in bundle sheath 
cells but are absent from mesophyll cells 
(6). In tissues containing Rubisco, the 
expression of the nuclear and chloroplast 
genes encoding the polypeptide  subunit^ 
are controlled by light (5, 7 ) ,  and this 
effect is mediated by phytochrome (8). 

Complementary DNA (cDNA) clones 
encoding rbcS have been isolated from 
peas (9, 10) and wheat (11); they have 
been used to isolate the corresponding 
nuclear genes (5, 11) and study their 
organization within the genome. South- 

pea rbcS gene is under the transcription- 
al control of its own promoter and is 
regulated by light in a manner similar to 
that observed in pea leaves. Messenger 
RNA (mRNA) transcripts from the 
transferred pea gene are translated to 
yield mature rbcS polypeptides that as- 
semble with endogenous petunia rbcL 
polypeptides to form heterologous holo- 
enzymes. 

Transformation of petunia proto- 
plasts. The plasmid pMON145 interme- 
diate vector is a variant of the previously 
described pMON120 (1 7). It contains the 
1.6-kilobase (kb) Pvu I1 to Pvu I segment 
of pBR322 that carries the origin of repli- 
cation and b o m  site (19) joined to a 2.7- 
kb segment Cla I to Eco RI of Tn7 (Fig. Richard Broglie, Gloria Coruzzi, and Nam-Hai Chua are in the Laboratory of Plant Molecular Biology, The 

Rockefeller Universitv. New York 10021-6399. Robert T. Fralev. S t e ~ h e n  G. Roeers. Robert B. Horsch. I), which contains the spectinomycin- 
streptomycin resistance determinant 
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