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The arabinose operon promoter. pBAD, is negatively regulated in the absence of' arabinose by 
AraC protein, which forms a DNA loop by binding to two sites separated by 210 base-pairs, 
ara0, and araI,. p,,, is also positively regulated by AraC-arabinose and the cyclic A M P  
receptor protein, CRP. We provide evidence that CRP breaks the ara0,-aral, repression 
loop in vitro. The ability of CRP to break the loop in vitro and to activate pBAn in vivo is 
dependent upon the orientation and distance of the CRP binding site relative to aral , .  An 
insertion of one DNA helical turn, 11 base-pairs, between CRP and ara l  only partially 
inhibits CRP loop breaking and activation of p,,,, while an insertion of less than one DIVA 
helical turn, 4 base-pairs, not only abolishes CRP activation and loop breaking, but actually 
causes CRP to stabilize the loop and increases the ara0,-mediated repression of p,,,. Both 
integral and non-integral insertions of greater than one helical turn completely abolish CRP 
activation and loop breaking in uit~o. 

1. Introduction Escherichia coli chromosome involves DKA loop 

Many transcription, recombination and replica- 
tion systems are regulated by the interaction 
between proteins bound at  distantly spaced sites 
along the DIVA, a process known as DKA looping 
(for an example of each, see Dunn et al., 1984; 
Moitoso De Vargas et al., 1989; Mukherjee et al., 
1988). The formation of a DNA loop requires the 
two sites to be brought into close proximity by both 
bending and twisting the IINA, processes that can 
cost considerable energy. Factors that affect DNA 
topology, such as supercoiling and bending, should 
therefore affect DNA looping; and, indeed, this has 
been found to he so. Looping in the ara and lac 
operons is affected by supercoiling (Hahn et al., 
1986; Whitson et al., 1987; Kramer et al., 1987). 
Also, the integration of phage lambda into the 

formation by Tnt protein. THP protein, a protein 
that bends DNA, facilitates this looping interaction 
(Moitoso De Vargas et al., 1989), and can be 
replaced by either a naturally bent DNA sequence 
or another protein that bends DNA, the cyclic A M P  
receptor protein, CRT'Z (Goodman bZ Nash, 1989). 

In this paper, we demonstrate that DNA looping 
can also be negatively affected by a protein that 
bends DNA. CRP prevents formation of the repres- 
sion DNA loop in the araBAD operon, a pheno- 
menon that could contribute to the transcriptional 
activation of the operon by CRP. 

A complex regulatory system controls the 
expression of the araB A l l  operon promoter, pSAD. 
The promoter is regulated both positively and nega- 
tively by AraC (Sheppard & Englrsberg, 1967; 
Grrenblatt & Schleif, 1971; Schleif & Lis, 1975; 
Dunn et al., 1984), a protein that binds to three 
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(Hahn et al., 1986; Lichenstein et al., 1987; Stolzfus 
& Wilcox, 1989). As is the case in the ara0,- 
dependent activation mechanism, the amount of the 
CRP stimulation is affected by the concentration of 
AraC. 

DXA looping by AraC in vitro requires super- 
coiled DNA templates (Hahn et al., 1986). Recently, 
we ut,ilized an electrophoretic technique to study 

-- 1 AraC DXA looping on small supercoiled DNA mole- 
aral , aralp 

PBAD cules. or minicircles. and showed that the DNA 
Figure 1. B~ndrng sites and regulatory proteins In the 

nraCRAD operon 'I'he positions of the 3 AraC binding 
sites, as determined by DNase I footpr~nting, relative to 
the start of p,,, transcr~ption a t  + 1 are ara0,, - 252 to 
-288, ara0, - 110 to - 148, araI is subdivided ~ n t o  2 
regions, aral,, -36 to  -54, and aral, - 55 to  -75 The 
start site of 1s a t  position - 148 Thr CRP b ~ n d ~ n g  site 
IS from position - 80 to - 110 

of p,,,. Negative regulation requires a DNA loop 
between AraC bound a t  ara0, and a r a l  (Dunn et al., 
1984, Martin et al., 1986). The DKA loop also 
represses the promoter of the AraC-encoding gene, 
PC (Huo et al., 1988; Hamilton & Lee, 1988), which 
is transcribed divergently in relation to p,,, 

The araBAD genes are also regulated by the 
cyclic AMP receptor protein, CRP, which mediates 
catabolite repression in operons that control the 
metabolism of a variety of sugars. CRP activates 
both the p,,, and PC promoters from a single site 
located between araO,/PC and araI  (Lee et al., 1981; 
Dunn & Schleif, 1984; Stoltzfus & Wilcox, 1989). 
Thc mechanism by which CRP activates pBAD is of 
interest for two reasons. First, the mechanism of the 
protein's action is not known for any system, and 
second in the ara system AraC protein lies between 
CRP and RNA polymerase on the DKA, whereas in 
most operons CRP binds a t  a site adjacent to RNA 
polymerase. The mechanism of activation of p,,, 
by CRP apparently does not involve stimulation or 
stabilization of AraC binding to a ra l ,  since no co- 
operativity is observed between the binding of these 
proteins to their sites in vitro (Hmdrickson & 
Schleif. 1984). 

Two findings suggest that part of the CRP activa- 
tion of p,,, involves opening the arn02-mediated 
repression loop. Hahn et al. (1984) found that p,,, 
is uninducible in cells that are deficient in CRP 
binding due to a lack of' cyclic AMP synthesis, but 
becomes inducible when ara0, is deleted, and 
almost full induction of p,,, is achieved when AraC 
is overexpressed. The idea that CRP activates p,,, 
by opening the repression loop was further 
supported by an i 7 ~  vitro study that showed that the 
requirement for CRP in the transcription of p,,, 
from supercoiled templates is greatly reduced by 
either deleting araO, or by misorienting the ara0, 
and a ra l  sites (Hahn et al., 1986). 

CRP can also activate p,,, by an 
aru0,-independent mechanism. Both in vivo and in 
vitro, CRP can stimulate transcription when looping 
is impossible due to the absence of the arao, sit63 

repression loop in the araCBAI1 operon is main- 
tained by a single AraC dimer bound between araO, 
and half of the a raI  site. araI,  (Lobell & Schleif, 
1990). Additionally, we showed that when arabinose 
is added to the looped complex, the loop breaks, and 
the AraC dimer remains bound to araIl  while 
shifting its cwntacts from the distal araO, site to the 
previously unoccupied half of a ra l ,  araI,. In this 
paper, we extend our study of the regulation of 
ara0,-aral, looping on minicircles, and explore the 
effect of CRP on this process. 

We find that CRP increases the dissociation rate of 
AraC fiom ara l ,  on minicircles from a slow rate 
characteristic of the looped state to a much faster 
rate characteristic of the unlooped state. This result 
shows that CRP breaks the ara0,-ural, repression 
loop in uitro. Insertions of DNA between the CRP 
binding site and a ra l  have similar effects on the 
ability of CRP to break the loop in vitro and to 
activate p,,, i r ~  vivo. CRP can activate pRAD and 
break the loop only when its binding site is posi- 
tioned on the same face of the DNA as in the wild- 
type, and when the distance between the CRP and 
a ra l  sites is not increased by more than one DNA 
helical turn. When the CRP binding site is mis- 
oriented on the oppo~it~e face of the DNA helix 
relative to its wild-type position, CRP actually 
stabilizes the loop in vitro and enhances 
araO,-mediated repression of p,,, in vivo. These 
results support the hypothesis that part of the 
activation of p,,, by CRP occurs through 
CRP-mediated loop breaking. 

2. Materials and Methods 

(a) G~neml m~thods and materials 

Dh'A manipulations growth of csells and other gener a1 
methods were performed as described by Schletf & 
Wensrnk (1981) anti Mdniat~s et a1 (1982) Scyuenrrng was 
performed as descrtbed by U S Blochemica1 Co for use 
h ~ t h  their modified phage T7 DNA polymerase, 
Sequenase Krstriction rndonuclrases were obtained from 
New England R~olahs I'hage T4 1)KA llgase antl T4 DKA 
kinase were obtained from T S  Brochemical Co 
[gamma-32P]AT1" used for DNA end-labeling was 
obtainrd from New England h'uclear L411 other reagents 
were obtained fro111 Stgma Cliern~ral Vo , Flsher Srtentific 
or Blorad TJaboratorics fl-Galactosrctase assays here 
p~rformed as tlescr~bed (M~ller 1972) 

(b) Plasmid constructs of w~inicirclrs 

A 404 bg IlindJII DNA fragmnlt containing ar(10, and 
aral srparated by 160 bp was isolated from pRL515 antl 
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Minicircles plus AraC 

I unlabeled aral DNA 
(x) minutes 

ara09 

I arabinose 

restriction enzyme 
4 minutes 

Wild-type arao2 mutant 

A r a C -  + + + -  - + +  + 

Hindlll - + + + + - + + + 

Diss. Time (min) - - 0.5 5 20 - - 0.5 5 20 

well - --a ~ ~ ~ U l m  
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Iln. bound - * r ~ o  wl)r 

lin. free- OY #& ,., 

non-specific DNA 
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4 load gel 

Figure 2. The looping-restriction cutting assay shows that araO, stabilizes binding of AraC to aral,.  A flow chart of 
the looping-restriction cutting assay is shown on the left. Three relevant states of AraC binding are depict,ed, a looped 
state with AraC binding to ara0, and aral , ,  an unlooped state with AraC-arabinose binding to araI, and aral,, and 
AraC-arabinose binding to a ra l  on the linearized DNA. The dissociation rate of AraC from a,raI, on minicircles 
containing either the wild-type a,raO, site, or a point mutation a t  position -271 within arao,, was measured by the 
looping-restriction cutting assay; the data are shown in the gel on the right side of the Figure. 

used to generate "wild-type" ininicircles. pRL516 is a 
derivative of pES27, which is similar to pTD3 (Dunn & 
Schleif, 1984), except that it contains unique restriction 
sites created by the following mutations in positions 
outside regulatory sites: G to C a t  -76, T to G a t  -77. T 
to C a t  -107, C to G a t  -162, A to C a t  -166. pRL515 
was derived from ES27 by making the following moclifica- 
tions. A fragment containing ara0, was deleted by filling 
in the ends with the Klenow fragment of DKA polymerase 
a t  StyI(-166) and ClaI(-110) followed by ligation. 
pRL515 contains a Hind111 site a t  position +50, and a 
second Hind111 site a t  position -409, introduced by 
filling in the ends with Klenow a t  the EcoRI site (-399) 
and ligation of' the sequence: - 410. AAGCTTGAG- 
TC . - 400. 

Minicircles containing an aru0, mutant site were gener- 
ated from a 404 bp Hind111 fragment, which was isolated 
from pRL526, a derivative of pRL515 containing a C to T 
change a t  position ,--271 (Martin et ul., 1986). 

A 408 bp HzndIIT fragment containing araI  w ~ t h  both 
ara0, and ara0, deleted, was isolated from pRL518 and 
used in the experiment shown in Fig 2(b) pRL618 was 
derived from pES27 as follows The Sap1 s ~ t e  (-606) 
within the pBR322 seyucnces of pES27 was filled in with 
the Klenow fragment of DIVA polymerase, and a HzndTTI 
linker (5' AAGCTTGAGTC 3') was ligated in The region 
containing the ara0, site was deleted by filhng in with 
Klenow a t  EcoRT ( - 400) and HatEII ( - 203) followed by 
ligation The region containing ara0, was deleted by 
filling in wtth Klenow a t  StyI(- 166) and ClaI(- 110) 
followed by Iigat~on 

(c) Plasmid constructs for CRP-aral 
& 

spacing mzctafion,~ 

pRL41, a derivative of pDT,3, which c30ntains 440 bp of 
the p,,, upstream region fused to the galK leatlrr rrgion 
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and the lac%: structural gene (Lee R: Schleif 1989), was the 
starting plasmid used in the creatlon of plasmids 
contailling different spacings between the CRP site and 
araI  pRTd41 contains the follou~mg point mutations 
outside regulatory sites, which create unique restriction 
sites C: to C a t  -76, T to G a t  -77, T to C a t  - 107, C to 
C: at  - 162 and 11 to (' a t  - 166 The spaclng between the 
CltP sit? and araI  was varied by inserting the following 
D S A  sequences between positions -80 and -81 of 
aracUA D 

The constructs containing insertions of 4, 15 and 26 bp 
between CRl' and araI  also contain an insertion of 7 bp 
(5' CGATCAT 3') a t  the ClaT site (-110), such that a 
total of an integral number of DNA helical turns is 
inserted between araO, and araI. The CRP mutant 
binding site constructions contain a C to T mutation a t  
-89 and a G to A mutation a t  -98. 

Minicircles containing insertions of 3, 11 and 40 bp 
between CRP and aral  were generated from Hind111 
fragments derived from pRL630, pRL620 and pRT,BOO, 
respectively; those plasmids are derived from pRL515, 
and contain insertions of 4, 11 and 40 bp (the DNA 
sequence of the insertions is listed above) between posi- 
tions - 80 and - 81. 

(d) Looping-restriction cuttiny assay 

Mtn~circles were generated by ~ntramolecular ligation 
of 32P end-labeled, HzndITI DNA fragments in the pre- 
sence of 9 p~-ethidium bromide After ligat~on, the DKA 
W ~ S  extracted with 1 % SDS, 1 M-sodium acetate, and an 
equal \lolume of chloroform, and then precipitated with 
ethanol The superhelical dens~ty of the m~nicircles in the 
ligation inlxture was determined as described by 
Nordhe~m & Meese (1988) The lrgations conta~n a 
mixture of nicked and supt~rcoilect molecules, the distnbu- 
tion of topoisonlers in a typical l~gation mixture IS 20% 
n~cked molecules, 20 % ( - 2) topoisomer, 40 O/, ( - 3) 
topo~soiner and 20 % ( - 4) topoisonier 

Mia~circles were ~ncubated with purified AraC for 
10 min (as described by Hendrickson R: Schleif, 1984) a t  
30°C' in bindtng buffer (10 mx-Tris-acetate (pH 7 4), 
1 ~ M - K E D T A ,  5% (w/v) glycerol, 0.05% (w/v) Non~det 
P-40 (Shell Oil) plus 50 miw-KCI, 5 miw MgCl, and, where 
~nd~cated ,  1 m x  cyclic ARfI' Where indicated, pur~fied 
CRI' was then added and incubated 10 min An excess of 
unlabeled DNA fragment contain~ng araI  was then added 
a5 a competitor for AraC, and complexes were allowed to 
dissociate for various lengths of time The follow~ng were 
thrn added in order, and incubated for the indrcated 
lengths of time, prtor to loading the samples onto a gel (1) 
arabinose to 50 mM, 1 min, (2) 40 units of HlndTTI, 4 min, 
(3) 7.50 ng sonicated calf thymus DNA, I min 
Electrophoresis was for 3 to 5 h a t  15 V/cm on 5.5% 
(30 1 (w/v) acrylamide bisacrylamide) gels In 
10 m~-Tris-acetate (pH 7.4), 1 mwEDTA buffer The 

calf' thymus DNA acts as a competitor for the restriction 
enzyme, and therefore labeled DNA-Hind111 complexes 
are not observed. 

3. Results 

(a) CRP-in,duced loop breaking in vitro 

We studied the effect of CRP on the ara0,-araI, 
loop formed on supercoilrd minicircles by examining 
the effect of CRP on the occupancy of aral ,  in the 
loop. The occupancy of aral ,  is a measure of the 
looping interaction, since the dissociation rate of 
AraC from this site is greatly reduced by looping to 
the ara0, site (T,ohell & Schleif, 1990). The dissocia- 
tion rate of AraC from aral ,  on minicircles can be 
determined by an assay that is technically much less 
time-consuming than alternative methods, such as 
Un'ase I footprinting. This assay, referred to as the 
looping-restriction cutting assay, is shown in 
Figure 2 and described below. AraC-DNA loops are 
formed on supercoiled minicircles, an excess of 
unlabeled araI  DKA fragment is added so that no 
additional binding of AraC to labeled DNA can 
occur. The complexes are allowed to dissociate for 
various lengths of time. Arabinose is then added, 
which breaks the loop and shifts the contacts of 
whatever AraC is still bound to the labeled minicir- 
cles from ura0, to the previously unoccupied half of 
a ra l ,  ara0,. The minicircles, now containing 
AraC-arabinose bound only a t  araI,  are briefly 
incubated with Hind111 restriction enzyme, which 
linearizes the mini-circle. The reaction is then 
incubated with excess non-specific competitor DKA; 
this binds excess restriction enzyme and essentially 
removes the enzyme from the labeled DNA. The 
UKA is then subjected to electrophoresis to resolve 
free DNA from DNA containing AraC bound to 
araI.  Since all samples are incubated for a fixed 
length of time after arabinose addition, the amount 
of linear DNA-AraC complex at  each time point 
reflects the occupancy of araI in the loop. 

We compared the dissociation rate from aral ,  in 
minicircles containing either wild-type ara0, or a 
point mutation in this site by the 
looping-restriction cutting assay (Fig. 2).  The data 
show that the dissociation rate from aral ,  is eight- 
fold slower on minicircles containing wild-type 
araOz compared to that from the mutant araOz site, 
demonstrating that ara0, stabilizes AraC binding to 
aral ,  . 

The following demonstrates that cyclic 
AMP-CRP eliminates the nra0,-mediated stabiliza- 
tion of AraC binding to aral, .  Cyclic AMP-CRP was 
added to a reaction containing looped AraC- 
minicircle complexes, and then the dissociation of 
AraC was examined by the looping-restriction 
cutting assay. The data (Fig. 3(a)) show that AraC 
dissociates 16-fold faster in the presence of cyclic 
AMP-CRP. In the absence of CRP, AraC dissociates 
from the minicircles with a half-time of 40 minutes. 
Tn the presence of cyclic AMP-CRP, a complex is 
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(b) 
Figure 3. CRP breaks the nra0,-araI, loop (a) CRP increases the d~ssociation rate of AraC from ara l ,  on rnin~clrcles 

in a cycl~c AM1'-dependent manner Looped complexes were formed on ara0,-aral minic~rcles In the presence or absence 
of cyclrc AMP, and then CZZP was addrd ara l ,  occupancy was then probed as a function of d~ssoclation tlme by the 
loop~ng-restr~ct~on cuttlng assay (b) D~ssociat~on rate of AraC from ara l  In the unlooped state In the absence of 
arablnose The dlssoclat~orl rate in the absence of arablnose of AraC from araI on superco~lrd rnin~clrcles deleted of both 
ataOz and araO, was measured by the loop~ng-restrlct~on cutting assay 

formed that contains CRP and AraC bound to the 
DNA; AraC dissociates from this complex with a 
half-time of 2.5 minutes, resulting in a complex that 
contains only CRP bound to the DNA. In the 
absence of arabinose and CRP, AraC binds to ara1 
in an unlooped state on minicircles containing a 
deletion of araO,, and dissociates from the DNA 
with a half-time of two minutes (Fig. 3(b)). Thus, 
the presence of CRP shifts the dissociation rate of 
AraC from aral on minicircles to a value character- 
istic of urllooped DNA. I t  is most likely, therefore, 
that CRP breaks the loop, and forces AraC to bind 
to araI in the unlooped state. 

When C>RP is added to looped complexes in the 
absence of cyclic AMP, only 14raC-UNA complexes 
are observed, and these dissociate with a half-time, 
40 minutes, characteristic of the looped state 
(Fig. 3). This shows that the loop-breaking effect of 
CRP requires binding to the DNA, since CRP 
binding requires cyclics AMP. Additionally, we 
found that CRP has only a small, about a twofold, 
negative effect on the binding of AraC-arabinose to 
araI in the unlooped state (Fig. 4). This suggests 
that the mechanism of loop breaking is only 
partially due to a direct, negative interaction of' 
CRP with AraC bound a t  araI; the majority of the 
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- - - 
U 
. c % 

+AraC/ara -CRP h 
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minicircle - 
C RP/C/DNA - 

CRP/DNA - 
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Figure 4. CRP has only a small effect on AraC binding to aral in the unlooped state. A limiting concentration of AraC 
was incubated with ara0,-araI minicircles in the presence of arabinose and cyclic AMP such that ara0, is not occupied. 
CRP was added where indicated, and the occupancy of AraC a t  aral was examined as a function of the dissociation time 
by the restriction-cutting assay. 

loop-breaking effect is directed a t  the looping inter- 
action between AraC bound to ara0, and araI l .  

(b) CRP-induced loop breaking in vitro i s  dependent 
upon thr orientation and distances of the CRY 

binding site relativr to araT 

CRP bends the DNA when it binds to lac operon 
DNA (Wu & Crothers, 1984), and to other operons 
that it regulates, including araCBAD (Lichenstein 
et al., 1987). ara02-aral, loop breaking by CRP 
could be due to bending of the DNA by CRP in a 
manner that inhibits the formation of the repression 
loop. We reasoned that if' a CRP-induced bend is 
responsible for loop breaking. then CRP might 
break the loop from other positions between araOz 
and aral.  The following data, however, show that 
CRP can break the loop only when its binding site is 
located close to and oriented properly to araI. 

We varied the location of the CRI' binding site by 
inserting either 4, 11 or 40 base-pairs between the 
CRP and aral sites. The dissociation rate of AraC 
from minicircles containing these different spacings 
was measured in the presence or absence of CRY by 
the looping-restriction cutting assay. The data from 
these spacing mutations are shown in Figures 5 and 
6, and summarized in Table 1, along with i n  uivo 
p,,,-lac2 expression measurements (see section (c), 
below). CRP-induced loop breaking is dependent 
upon the orientation between the CRP and aral 
sites. When four base-pairs, nearly half a DNA helical 
turn, are inserted between CRP and aral ,  CRP not 
only fails to break the loop but appears to stabilize 
it; AraC dissociates three times more slowly in the 

presence of CRP in this spacing variant (Fig. 5(a) 
and Table I ) .  However, when the distance between 
CRP and aral is increased by 11 base-pairs, i.e. one 
complete DNA helical turn, CRP breaks the loop, 
although less effectively than when it is a t  the wild- 
type spacing. With the 11 base-pair insert, the half- 
time for dissociation of AraC from araI,  decreases 
from 40 minutes to 4.5 minutes in the presence of' 
CRP (Fig. 5(h)). The CRP-induced loop-breaking 
effect, that is, the amount of the increase in the 
AraC dissociation rate, is reduced from a 16-fold to 
a ninefold effect by inserting one DNA helical turn 
between the CRP and oral sites. 

CRP-induced loop breaking is not only dependent 
upon the relative orientation between the CRP and 
araI sites, but also on the absolute distance between 
the sites. Thus, when the CRP-aral spacing is 
increased by 40 base-pairs, there is no observable 
effect of CRP on the dissociation rate of AraC 
(Fig. 6). The relatively slow dissociation of AraC in 
this construct shows that looping is still occurring, 
as expected. We conclude that CRP-induced loop 
breaking is dependent upon the distance and orien- 
tation of CRP relative to arai.  When the CRP site is 
misoriented relative to its wild-type position within 
araBAD, CRP can actually enhance the looping 
interaction. 

(c) Activation of p,,, by C R P  in vivo i s  dependent 
upon the orientation and distance of the C R P  

binding site rela,tive to aral 

Loop breaking by CRP could function in the 
activation of p,,,. We would therefore expect that 
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Figure 5. T,oop breaking and loop stabilization by CRP in the + 4  bp and + 11  bp C R P  araI spacing mutants. (a) The 
dissociation rates from m a l l  in a spacing mutant containing 4 bp inserted between CRP and araI were compared in the 
presence and absence of cyclic AMP-CRP by the looping-restriction cutting assay. (b) Same as in (a) except a construct 
containing an I I bp insertion between CRP and aral  was assayed. 

activation of p,,, by CRP would depend on the 
distance and orientation of the CRP binding site 
relative to ara f ,  as is seen with the CRP-induced 
loop breaking in vitro. The following shows that 
CRP activation in vivo is also dependent upon the 
distance and orientation between the CRP and aral 
sites. 

We varied the orientation and distance between 

the urn1 and CRP sites in a p,,,-lac2 fusion 
construct by inserting either integral or non-integral 
numbers of DNA helical turns between the sites. 
Where non-integral numbers of turns were inserted, 
a compensatory insert between the CRP binding 
site and araOz was introduced so that the total 
insertion between ara0, and araf  was an integral 
number of DNA helical turns; this maintains the 
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Figure 6. CRP docs not affect looping when the CK1'-araI spacing is increased by 40 bp The d~ssoc~ation rates of 
AraV from a ~ a l ,  111 the plesence and absence of CRP were compared In constructs iwntaining either the wiltl-type 
CRI' a r a l  spaclng or a 40 bp insert between ('RP and w a I  by the looping-restriction cutting assay 

proper orientation between araO, and aral and CRP to activate, but also by affecting formation of 
allows for the repression of p,,, by araOz i n  vivo the repression loop. To detect any effects of this 
(Uunn ~t al., 1984). nature we created identical spacing inserts that also 

The insertions might alter the expression of the contained point mutations in the CRP binding site 
p,,,-lace fusion not only by affecting the ability of and compared the expression level in the various 

Table 1 
Ejcects o f  CRP-araT spacing on induction and AraC dissociation rate 

b-Galactos~dase u n ~ t s  Half-time of AiaC on araI  
('R1'-a~a1 Factor st~snulat~on -- - Factor of ('RP 
ipac-lng CRP+ CRP- of p,,, by CRI' + CIZP - CRP st~rnulation 

+ O  (WT) 
+ 4 

+ l 1  
+ 15 
+ 22 
+ 26 
+ 33 
+ 40 
+ 44 

E:xprrssion of the p,,,-LacZ fusion from a rnulticopy plasmid co~ltaining the C R P  and CRP+ constructs and the various CRP a ra l  
spacing mutations. The CltP tnutations are C to T and G to A conversions at  positions -89 and -98, respectivcly. I'romoter activity is 
expressed as 8-galactosidase units, anti is an average of a t  least 3 independent measurements. The standard deviations of the 
measurements ranged from 10 to 20% of the total units. Shown also is the effect of' CRP on the dissociation rate of AraC from a~ccl, in 
several of the spacing mutants. Dissociation rate data are averages o f3  independent measurements. Dissociation half-times are reported 
as averages of 2 independent experiments, derived from autoradiograms that were scanned and qwntified using a Biorad 620 
densitometer. The dissociation half-times of complexes were determined relative to t,he 15-s time point. Typically between 45 and 65%. 
and not 100% of the DNA, is bound as AraC-DNA or AraC-CKP-DKA complexes at  the 15-s time point. The lack of complete binding 
is due to dissociation of complexes after arabinose addition. Since the dissociation of complexes after arahinose addit>ion is fixed for all of 
the time points, the dissociation half-time relative to the 15-s time point reflects the dissociation rate prior to arabinose addition. 
WT, wild-type. 
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spacing inserts containing the wild-type CRP 
binding site with the same spacing variants 
containing the mutant CRP binding site. 

The data in Table 1 show that,  like CRP-induced 
loop breaking, activation of p,,, by CRP is depen- 
cient upon its orientation and distance from ara l .  
pBA, expression decreases tenfold when the i3RP 
binding site contains point mutations at  positions 
- 89 and - 98 (Table 1 ); the same order of decrease 
1s seen in a deletion that removes the entire CRP 
binding site while maintaining the ara0,-araI 
looping interaction (data not shown). Thus. CRP 
activates pBAD tenfold when its binding site is 
directly adjacent to aral .  

Activation of p,,, by CRP is abolished in all of 
the spacing variants except for the 11 base-pair 
~nsertion, which still allows a sixfold activation by 
CRP. The activation by CRP in the 11 base-pair 
spacing mutant is not dependent upon the parti- 
cular sequence of the insert. as an insertion of a 
different 11 base-pair sequence also allows a similar 
factor of activation by CRP (data not shown). The 
failure of CRP to activate p B A ~  in the other spacing 
mutations is not due to lack of ara0,-mediated 
repression, since pRAD expression in all of the 
spacing mutants increases a t  least threefold when 
ara0, is deleted (data not shown). Significantly, 
pBAD is repressed by CRY in the four base-pair 
spacing mutant; the level of' expression is 2.5-fold in 
the construct containing the wild-type CRP site 
compared to that in the mutant CRP site. The 
repression of p,,, by CRP in the four base-pair 
spacing mutant is dependent upon ara0, (data not 
shown). Additionally, the CRP-induced repression 
of p,,, in vivo is consistent with the observed 
CRP-induced loop stabilization in vitro (Fig. 5(a)). 

We conclude that activation of p,,, by CRP 
requires thc CRP binding site be located closc to, 
and oriented properly to the a ra l  site. There is a 
correlation between in vivo activation of p,,, and 
the in vitro stimulation of loop breaking. 

4. Discussion 

Wc have shown that CRP breaks the ara02-aral, 
loop in vitro. The ability of CRP to break the loop in 
vitro is dependent upon the distance and oricntation 
of' the CRY birding site relative to aral .  Similarly, 
CRP activation of p,,, i r ~  vivo shows the same 
dependence on the distance and orientation of the 
CRP sitc relative to aral .  Thcse results support the 
idea that part of the CRP stirnulation of p,,, is 
derived from hindering the AraC-DNA looping that 
represses p,,,. 

How does CRP break the loop in vitrol In short, 
we do not know. I t  merely summarizes the data to 
state that the loop is destabilized when the CRP 
binding site is near the AraC protein, but not other- 
wise. Whether the destabilization is due to the bend 
introduced by the binding of CRP or the mere 
presence of the protein was not determined by the 
experiments reported here. 

Could CRP-induced loop breaking exist in other 

systems? As in araCRAD, the promoters of the lac 
and dro operons are repressed via DXA loop forma- 
tion (Eismann et al., 1987: Kramer rt al., 1987; 
Dandanell 62 Hammer, 1985; Amouyal et a/., 1989), 
and positively activated by CRP. Additionally, as 
in araCHAD, CRT' binds adjacent to the promoter- 
proximal operator site within the DNA loop both in 
lac and deo. Therefore, as in araPRAD, CRY might 
also break the loop in lac and dro, and thereby 
indirectly activate their respective promoters. 

The mechanism by which CRP activates indepen- 
dently of repression looping in araCBAD (Hahn 
~t al., 1986; Lichenstein et al., 1987; Stolzfus & 
Wilcox, 1989), is likely to be different from that in 
other systems. In the lac operon, CRI' binds co- 
operatively with RNA polymerase and enhances the 
isomerization rate of RSA polymerase from the 
closcd to tkic open complcx, from a site approxi- 
mately 15 base-pairs from the lac P l  promoter 
(Straney et al., 1989). This mechanism may not be 
possible in the ara0,-independent activation of pBAD 
by CRY, considering that AraC is hound between 
CRP and RNA polymerase when thc operon is both 
repressed and induced (Nartin et al., 1986: Lobell & 
Schleif, 1990). 

The finding that CRP has a small. twofold, nega- 
tive effect on AraC-arabinose binding to a ra l  in the 
unlooped &ate (Fig. 4) suggests a mechanism that 
could account for the ara0,-independent activation 
of pBAD by CRP. AraC binds to two half-sites within 
ara l  (Lee et al., 1987), making strong contacts to 
arcrI, and weak contacts to ara12 (Brunelle & 
Schleif, 1989). AraC binding to a ra l  involves signifi- 
cant USA bending (TAobell, 1990). Since both AraC 
and CRP bend the DNA and bind closc to each 
other along the DNA, the proteins could interfere 
with each other's binding to the DNA. Thus, CRT' 
might force AraC to lose some of its contacts with 
aral ,  and to "roll over" more onto araI,, wherc 
AraC would be in closer proximity to contact and 
activate RNA polymerase. Since aral,  is apparently 
a weaker binding site than aral, ,  due to several 
positions of non-homology with the AraC direct 
repeat consensus binding sequence (Brunelle & 
Schleif, 1989), by forcing AraC onto aral,, CRP 
would lower the affinity of AraC binding to aral ,  as 
we observed (Fig. 4). This model makes a testable 
prediction: the contacts made by AraC a t  uraI, 
should be affected by CRP. 

As suggested above, CRP-induced loop breaking 
could occur in luc and other operons. Additionally, 
the activation of the lac promoter and araCRAI1 by 
CRP is similar in that CRP shows the same orien- 
tation dependence in both operons; as in araCH,12>, 
CRP can partially activate the lac promoter when 
its distance from the promoter is increased by 
11 base-pairs, but not by five base-pairs, both in vivo 
(Mandecki 62 Caruthers, 1984) and in vitro (Straney 
rt al., 1989). CRP-induced DNA bending could kte 
involved in the mechanism of CRP activation; the 
orientation depertdence could be due to the require- 
ment that thc CRP-induced DNA bend be 
positioncd correctly relative to the promoter. 
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Our finding that CRP breaks the ara0,-araI, 
DSA loop demonstrates a second mechanism, in 
addition to that of arabinose-mediated loop 
breaking (Lobell & Schleif, 1990), by which this 
looping interaction can be abolished. Conversely, 
Int-mediated DNA looping is enhanced by two pro- 
teins that bend UKA, IHF and CRP, as well as by 
naturally bent DNA (Moitoso de Vargas et al., 1989; 
Goodman & Nash, 1989). We expect that DXA 
looping in other systems will be either positively or 
negatively effected by other proteins that bend the 
DNA, or otherwise effect the topology of a DNA 
loop. 

This work was supportcd by grant CM18277 from the 
National lnstitutes of Health 
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Edited by P. von Hippel 

Notr added i n  proof. We wish also to bring to the reader's attention the following two recent papers, 
which investigate stimulation by CRP in the lac and melR promoters in which the location of the CRP 
binding site is systematically varied: Stringent spacing requirements for transcription activation by 
CRP, Gaston, K., Bell, A.,  Kolb, A, ,  Buc, H. & Busby, S. (1990). Cell, 62, 733-743; Helical phase 
dependent action of CRP. effect of the distance between the CRP site and the - 35 region on promoter 
activity, Ushida, C. & Aiba, H. (1990). Nucl. Acids Res., 18, 6325-6330. In contrast to the present 
study, CRP stimulation in these systems appears not to be predominantly assisting the breaking of a 
DNA loop. Nonetheless, CRP stimulation in these systems as well is confined to spacings in which 
CRP occupies one fare of the DKA helix. 




