
DNA Looping and Unlooping by AraC Protein. 

Expression of the L-arabinose BAD operon in Escherichia 
coli is regulated by AraC protein which acts both positive- 
ly in the presence of  arabinose to induce transcription and 
negatively in the absence of arabinose to repress transcrip- 
tion. The repression of the araBAD promoter is mediated 
by DNA looping between AraC protein bound at two 
sites near the promoter separated by 210 base pairs, aral 
and ara02. In vivo and in vitro experiments presented 
here show that an AraC dimer, with binding to half of 
araI and to ara02, maintains the repressed state of the 
operon. The addition of  arabinose, which induces the 
operon, breaks the loop, and shifts the interactions from 
the distal a r a 0 2  site to the previously unoccupied half of 
the aral site. The conversion between the two states does 
not require additional binding of AraC protein and 
appears to be driven largely by properties of the protein 
rather than being specified by the slightly different DNA 
sequences of the binding sites. Slight reorientation of  the 
subunits of AraC could spec* looping or unlooping by 
the protein. Such a mechanism could account for regula- 
tion of DNA looping in other systems. 

I N BOTH PROKARYOTES AND EUKARYOTES, DNA SEQUENCES 

located up to several kilobases o r  more a\iray from the main site 
of action participate in regulating processes of transcription 

initiation, DNA replication, and recombination (1, 2).  Some direct 
and much indirect data have accumulated indicating that these 
"action at a distance" events result from DNA looping in \i,hich 
proteins bound to nvo or more well-separated sites directly interact, 
thereby looping out the intenrening DNA (2-4). However, little 
information has been obtained sho\iring how the formation or 
dissolution of loops may be regulated. 

DNA looping \vas first proposed and demonstrated in s tudie  of 
gene regulatiorl in the arabinose a r n C B A 1 1  operon of Escherichia coli 
(2). Products of the a v a B A D  genes are proteins that permit the cells 
to catabolize arabinose as a source of carbon and e n e r e .  The 
protein AraC regulates the synthesis of a v a B A D  gene products by 
regulating their transcription (Fig. l ) ,  acting positively when arabi- 
nose is present and negati\,cly \\,hen arabinose is absent (5). The 
positive action requires AraC: binding at a site in the aval gene, while 
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the negative action requires AraC binding not only at avnl but also at 
[ ~ v n O ~ ,  \irhich is located 210 base pairs (bp)  a\vay. AraC \\,hen bound 
to these niro sites directly interacts, forming a DNA loop benveen 
the sites (2, 3). Two facts suggest that the normal response to  tht: 
addition of arabinose is the disappearance of the loop. First, normal 
induction does not require avnOz (6, 7)-it can be deleted; ancl 
second, the initial response to the addition of arabinose is a rapicl 
disappearance of AraC protein from avaOz (6).  The cycllc M I '  
(adenosine monophospl~ate) receptor protein, CRI', pla!.s a role i r ~  
induction by assisting opening of the loop ( 8 )  in addition to  
stimulating transcription of the BAD promoter by other as yet 
unkno\irn mechanisms. 

Using the E. coli system (2) for studying gene regulation, \ve have 
obtained data that encompasses the following four major points. ( i )  
In the absence of arabinose, a DNA loop is maintained b!. an AraC 
dimer that makes contact \\,it11 the arnOz site and only half of the an11 
site, termed avnI l ;  (ii) arabinose breaks the araOz-izrnll  loop, and 
leads to occupancy at the other half of nvnl, termed avizlz; (iii) loop 
b r e ~ h n g  and loop re-formation d o  not require binding of additional 
AraC protein, implying that an arabinose-induced conformational 
change shifts part of the protein from contacting nr.nOz to contacting 
izvizl; and (iv) the change in occupancy resulting from arabinose- 
induced loop breaking is not completely specified by the DNA 
sequences in\~olved. We suggest that the loop breaking process is 
predominantly driven by an arabinose-induced conformational 
change in the relative orientation of the t\vo subunits of AraC. 

One component to  the looping phenomena summarized above is 
that AraC protein contacts avn l l ,  but not aralz,  in thc al>scnce of 
arabinose when looping is possible; but it contacts both avizll and 
an1lz in the presence of arabinose. l'recisely such a binding response 
has been observed in the nraCBAD system with deoqribonuclease 
(DNase) footprinting on  linear DNA under a condition where 
looping does not normally occur ( 9 ) ;  on that basis, several of the 
results we demonstrate here had been suggested earlier (10). 

Formation of  DNA loops in the absence of  arabinose. M'e used 
a simple electrophoretic mobilin assay to study ha(:-mediated 
DNA looping on small supercoiled DNA molecules, or minicircles. 
We showed previously that AraC-mediated looping rcil~~ircs supcr- 
coiling of the DNA (Y),  and the "minicircle" assay now pro\,idcs a 
convenient means of studying looping in thc n r [ 1 C B ~ 4 1 1  regulatory 
system. The minicircle assay, first applied to  a study of DNA 
looping in the Inc system by Kramer ct ill. ( I I ) ,  revealed nvo 
properties characteristic of DNA loops. (i) Looped complexes 
formed on negatively supercoiled minicirclcs migrate during electro- 
phoresis at a faster rate than unbound minicircles or minicircles 
containing protein bound at only one site. (ii) The additional 
protein-DNA contacts afforded by the interaction of thc second 
DNA site with the protein greatly increase the binding energy, and 
as a result dramatically increase the lifetimes of the prote~n-DNA 
complexes in the looped state compared to the lifbtimes of a state in 
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Fig. 1. Regulatory sites of the mC- 
BAD opcron. Mans of the AraC 
biding sites, ddined by DNasc I 
fmrinting. are shown rdativc to 
the ~ ~ Y & i ~ n a l  smrt site of the 
promotcr p ~ m  at + 1. The aral site 
(n divided into two ahalp sites (10. 

'1 '2 22); araIl extends fiom -56 to -78, 
and oralz, from -35 to -51. maOl 

"c P~~~ 

extends from - 106 to - 144 (9, and ara02 fiom -265 to -294 (2). The pc 
promota controls expression ofthe araC gem, and is divergently uansccibcd 
relative to p~~ from position - 148. 

which the protein binds to only one site. 
The complex formed between AraC and negatively supercoiled 

minicircles containing the a r a a  and aral operators has the proper- 
ties expected of a DNA loop (12). The migration of the complex is 
faster than that of k e  minidrcles, and AraC d i e a m  from the 
DNA much more slowlv than from similar DNA in which either the 
aral site or the ara02 sit; has been changed fiom its normal sequence 
(Fig. 2). At 100 mM KCI and in the absence of arabinose, AraC 
dissociates from this DNA with a half-time of approximately 100 
minutes. c o m d  to a half-time for dkxiatiG of less 6 10 
minutes from minicircles conmining point mutations in a r a a  or 
aral. We conclude that a stable r e p i o n  loop is mainmined by 
cooperative interactions between the protein and both aral and 
ara02. 

The foregoing arperiment measures the overall stability of the 
looped DNA. Dissociation cannot be distinguished from unlooping 
because bare minicirdes and minicircles with bound AraC but which 
are unlooped have similar mobilities. We show below that the 
dissociation rate of AraC protein from ma1 is greatly reduced as a 
result of interactions with &a@. This is an action at a distance, and 
the effect is best explained by DNA looping. Afier the formation of 
loops on minicircles, dissociation was allowed to occur. The amount 
of aral site still occupied by AraC protein was then monitored by 
linearizing the DNA with a restriction enzyme and performing a 
standard gel m d a t i o n  assay in which free DNA migrates faster 
than DNA with bound pro& (13). The dissociation Ate of AraC 
from aral was reduced by at least a factor of 10 when an intact ara02 
site was present on the supemikd minicirdes (Fig. 3). 

Loop breakbg and d b i l i t y .  As described above, the addi- 
tion of arabinose probably breaks the loop between ara02 and aral in 
vivo. As we expected, arabinose breaks the loop in our in vim 
system. When arabinose was added to a reaction containing looped 
complexes, no looped species was detected on electrophoresis (Fig. 
4A). Alternatively, looped complexes were allowed to migrate into 
the gel, then electrophoresis was halted, and arabinose was added to 
the electrophoresis buffer. Afier a period of time during which 
arabinose could diffuse into the gel, electrophoretic migration was 
continued (Fig. 4B). This experiment shows that (i) arabinose opens 

Fig. 2. Dissociation of w. compkxes formed on wild-typc, m a  
mutant, and ma1 mutant nwmrcks. A 404-bp Hind III fcapmt (19) 
containing the m a  and ma1 sites separated by 160 bp was 32P end-labeled 
with T4 pdvnuckide kinasc, and ligated i n t r a m o l e  in dK prrsam 
of 9 p M  -&dim bromide to genera& minicirdcs. The su$delicai density 
of the minicirdes was measwed (29); the minicirch consisted ofa mixnur 
of supercoiled molesuks, with k'averagc of three negative supcrMical 
turns. and nidrcd molecules. The am07 mutant contains a mint mutation at 
posikon -271 (3). The ma1 mutant &mains point mutaiions at positions 
-69 and -48 (22). Minicircles w m  incubated with punficd AnC (26) at 
about 10-lo M at 30°C in bmdmg bu&r [lo mM tris-acetate, pH 7 .41  rnM 
EDTA (potassiumsalt), 5 percent &cad, 0.05 perccnt NP-401 plus 100 
mM KCI. Similar AraC Eonccnaations were used in odK1. cxpaknts. An 
excess of an unlabeled 40-bp DNA fragment containing ma1 was added and 

the loops, even when the complex is within the gel, and (ii) fiee 
AraC protein, which does not migrate into the gel is not required 
for loop opening. 

The addition of arabinose opens loops iinmed on supmoiled 
minicircles. We now show that arabinose-induced loop breaking is 
reversibk. AraC is first bound at aral in the presence of arabhse so 
that AraC binds as a dimer to aral, but does not bind to a r a a .  
Under these conditions a loop does not fbnn. Loops subsequently 
form when the arabinosc concentration is decreased by diluting the 
sample (Fig. 5). The loop was formed on araa-aral minicircles in 
the presence of excess competitor DNA, and then broken by the 
addition of arabinose. The reaction mixture was then diluted into 
buffer containing excess competitor DNA with or without arabi- 
nose. The data show that loops re-fbrmed on the samples diluted 
into buffer ladring a r a b ' i  (14). The presence of the large excess of 
competitor DNA ensured that the loop re-fbrmation process did not 
proceed by a pathway involving the binding of free AraC protein 
and that no AraC protein could remain at a r a a  a h  opening of the 
loop by thc addition of arabinosc (15). These results demonstrate 
that loop re-hrmation, in addition to loop breaking, can occur in 
the absence of fiee AraC. 

Stoicbiometry of the looped complex. AraC protein is predomi- 
nantly a dimer in solution (16) and binds under most conditions as a 
dimer to aral on linear DNA (17, 18). Therefore, we originally 

Ar: 
Hind -. , . 

Well - 
Supercoiled - 

Linear Bound- 

Linear Free - 

Fig. 3. Looping stabilizes AraC binding to aral. AraC was incubated with 
minicircles for 10 minutes in binding Ma plus 5 mM MgC12 and 50 mM 
KCI, excess unlabeled aral DNA was then added. Complexes wccc allowed to 
dissociate from nhicides for varying lengths oftime,-as indicated, and then 
arabinose was added to a concentration of 50 mM and incubated for 1 
minute. Samples wne then incubated with 40 units of Hind III for 4 
minutes, and then with 750 ng of sonicated calf thymus DNA for 1 minute 
before electrophoresis. Calf thymus DNA was added to compete with the 
labeled DNA for restriaion enzyme binding; thus, Hind III-DNA compkx- 
es are not observed. Protein was bound only to aral lftcr cleavage of the 
minicircle bccausc (i) in 50 mM KC1 5 mM MgC12, and 50 rnM arabiwse, 
AraC completely dissociates from a r a a  in lcss than 1 minute on linear 
DNA; and (ii) the AraC monomer bound to ara02 is tcardemd to ma12 
upon addition of acabinosc. In this and other cqaiments, d t  conccnta- 
dons were chosen so that dissociation rates would be convenient. 

AraC 
Time (min 

Wild Type a r a q  Mutant aral Mutant 

Nicked - .I W - - -- r - r i  

Unlooped - 
Looped - 

i n c u ~ f o t v v i o w ~ o f t i m c , b c f b r r  at 15 Vlan fbr 
4 baa in a 5.5 p r a o t  aayhdc,  b i s z 3 O : l )  gel. Ih 
~ p h o c e m s  bu&r (10 mM tris-acetate, pH 7.4, 1 mM EDTA) was 
m a u ~ d  at 30°C. 
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Flg. 4. Arabinose breaks the &-am1 loop. (A) 
tbrmed in binding bu!k phw 100 mM KC1, acess =-TP"?a- unla ed ma DNA was 
t h c n a d d c d a n d d K ~ ~ w a s i m u W f o r l o m i n u ~ . ~ s a m p l e s w e r e  
either placed diracdy on a gel without a r a b i i  or arabinosc was addcd to 
50 mh4 just before the sampk was added to a gel comainino: 50 mM 
arabiio& in the deamphoresk bufFer. (B) ~oopad~com~lexes w&e finmed 
as in IAl in the absence of arabimsc and then subiected to ekmo~horesis for 
1 ho& it 15 V/an in two differeM gels. The ~ p h o r e s i s  was stopped, 
andanbinoscwasa~m5Omh4tooncofthegelsandallowedto 
equilibrate for 20 minutes; ekmphoresis was then resumed for 4 hours. 

Bind Minu 

J. 
Add Cor 

s Arabinose 

n~etitor 

Fig. 5. Loop breaking and r c b -  
tion. AraC was incubated with mini- 
cirdcs in biidlng bufFer plus 100 
mMKCl,anddrenincuMfor8 
minutes with a 500 molar excess of 
unlabeled aral DNA. Arabinosc was 
added to 50 mM to part of the b$  
sample, incubated for 5 minutes, and 5 % 
then some of the sampk was diluted gs U I I U I ~  

(1  : 200) into either arabiose fiee u m W~thout Ara 

buffer, or into buff= containing 50 
mM arabiwse. Dilution buffer also 
contained a 500 molar excess of the 

eb , 
I 

unlabeled aral DNA. Samples were i -N~cked 
incubated fbr an additional 15 min- 
utes, and then subjected to dearo- m,  - Unlwped 
phoresis. No binding of AraC to the - Looped 

mini&& was observed if the unla- 
bekd aral competitor DNA was add- 
ed &re AraC (lane 1). A c o n d  experiment (not shown) showed that 
loop breaking by arabinosc is complete within 1 minute. 

Dilute 
W~th Ara 

e d  that the  loo^ would contain an AraC dimer bound at aral 
anh a dimer bound it araa .  On the other hand, the hct that a 
complex containing only a dimer of AraC bound at aral can re-form 
a loop in the absence of free AraC (Fig. 5) suggests that the loop 
consists of a single dimer of AraC. 

We then measured the protein stoichiomeay in the loop by 
comparing the ratio of protein to DNA in looped minicirdes to the 
ratio of protein to DNA in a complex fnmed on linear DNA, which 
we know contains one AraC dimer. A complex of puri6ed 3SS- 
labeled AraC with linear 32~-labeled DNA containing both ara02 
and aral was made at a concentration of protein where only aral was 
bound. The AraCaral complex was isolated fiom a gel, and rhc "S 
and 3 2 ~  radioactivities were determined. The ratio of the two 
isotopes in this sample stan- the assay for one dimer per 
DNA molecule. Part of the same DNA sample used to derive the 
AraCaral standard was ligated to make minicirdes, and the looped 
complex formed with the same 3%-labeled AcaC was isolated and 
quantitated. These complexes contained the same ratio of 35S to 32P 
(19), indicating that they too contained single dimers of AraC 
protein. Similar data were obtained with three different ["SIA~~C 
marations. 
L L 

In a control experiment showing that our assay had the requisite 
sensitivity, we measured complexes formed on linear DNA contain- 
ing the aral and araOl sites, each of which binds a dimer of AraC 
(17) on linear templates. This DNA was incubated with 3s~-labeled 
AraC such that two different bound complexes were formed, one 
containing AraC bound at either aral or araOl, the other containing 
AraC bound at both sites. As expected, the ratio of protein to DNA 
in the band with both sites occupied was twice that of the band 
containing one site occupied (19). 

Sequence contacts made by AnC in the loop. In that the aral- 
ara02 loop is maintained by a dimer of AraC protein, it seems likely 
that only part of aral is utilized h r  looping. We tested this by two 
methods and h d  that ara12 is not contacted in the loopcd state. 
We also h d  that, afkr arabiose is added and the loop opens, 
ara12 is contacted. 

The methylation interference technique (20) can be used to 
identify tho& guanine bases that, when methylated, weaken the 
DNA loop. In this type of experiment the DNA is lightly methylat- 
ed betbre the binding reactions are pecfbrmed. After addition of 
AraC protein, free is elimina;cd, and loops are allowed to 

(DMS) (17, 20). Loopad coarpkrrs were tixmod on methylated 
~ i n b ~ b u f F e r p l u s 5 0 m M K C I a n d a l l o d a , ~ a t e f o r  
20 minutes in the pmence of excess unlabekd aral DNA. Reactions were 
subjected to electrophoresis; minicircle DNA was mmvered tiom the looped 
and dooped complexes and cleaved with Hind III restriction enzyme, 
w g  limar 32P end-labeled hgments. Baaom srrand contacts at aral 
were v m a h d  by cleaving ofthe top sand W as a small DNA fragment 
with PtlM I (-37) restriction enzyme. The DNA was deaved with piperdux 
at methylad bases. and subiectcd to demnphocesis in a 6 percent 
cie~turihg polyaa~lamlde .* (B) In vivo DMS i tqmmiq waS per- 
formed (3). and DMS-& ~lasmid was isolad from cek end-la- 
athe~11sitc(-203),d~atmcrhylnedbasepairs,and'subpctedto 
clmphoresis in a 6 penxnt darafilring gel. Bottom st& guanine bases in 
and vound m4  arc shown. The ara12 mutant conains fwr base pair 
changes, C G t o  AT, GCtoAT,ATtoTA,TAtoGC, in positions -48, 
-M, -50, aad -51, rrsptctivcly. Blading of AraC to m a  is &lead  by 
the intensity of thc DMS e z h m a m n t  at -271, and rrquirrs 
m bound a aral(3). 1 (no m )  simvs *type ps", 
d line aMaining achromosomal ddetion of the mC gene. No DMS 
~~at-271w;lssecnwharthemalsitcwasdektcd(luK2);in 
thisplasmid,aralwasmutatedinthe"uppercase" " :-74TCGCA- 
TacmnGAACAGCTGCGlTA -47. As d e m i ~ 9 ~ a 0 ,  was deleted 
in the3e cxmmum. 
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dissociate before ekcnophocaic separation of looped and unlooped 
species. The two DNA populations are cleaved at the positions of 
methylated guanines and separated on a DNA sequencing gel. The 
guanine residues whose methylation does not intecfkre with loop 
formation are enriched in the DNA fiom the looped mo1ocules, and 
conversely, the guanine residues whose methylation does interfere 
with loop fbrmation are enriched in the unlooped population. Of 
the three guanines on the bottom strand of aral whose methylation 
aEects binding of AraC protein to linear DNA (17), methylation at 
-69 and -59 within araIl both intedere with loop brmation, 
whereas methylation at position -48 which is within ara12 does not 
(Fig. 6A) (21). These data indicate that, in the looped state, AraC 
contacts araIl but does not contact oral2. 

As a sccond demonstration that ma12 is not contacted by AraC in 
the looped state, we altered four highly conserved (22) nuclddes 
in ara12 and then examined looping in vivo and in vim. If the 
protein conmas ma12 only when unlooped, then alterations in ma12 
should have no e f k t  on binding in the looped state, but should 
have a large &ect on biding in the unlooped state. This is precisely 
what we found, both in vivo and in vim.  The in vivo experiment 
was based on the fact that AraC occupancy of am02, and cow-  
quently dimethyl sulfate reactivity there, is dramatidy k r c a d  by 
DNA looping. These mutations do not aftect the occupancy of AraC 
at ara02 in vivo, and thus, do not aftect looping in vivo (Fig. 6B). In 
vino, the looped complexes fbrmed on the wild-type and araI2 
mutant templates dkxiated at the same rate (Fig. 7A), also 
showing that looping is independent of the sequence of araI2. These 
dam direcdy demonstrate that ara12 is not involved in looping, as 
was previously suggested on the basis of genetic evidence (23). 

The ara12 mutations have a large eSEct on binding to aral in the 
dooped  state, as is atpectad &om previous studies of AraC binding 
to aral on linear DNA (17). When looped complexes are broken 
with arabinose, cleaved with restriction emyme, and subjected to 
electrophoresis on a gel, AraC remains bound to DNA containing 
wild-type aral but not on the ma12 mutant (Fig. 7B). This shows in a 
different way that ara12 sequences are not contacted by AraC in the 
looped state, but are contacted in the unlooped state. 

Saquence independence of ar?binose-in- loop brraling. 
What directs AraC protein to b i d  to araIl and a r a a  and thus fbrm 
a loop, in the absence of arabinase, and to bind to araIl and ara12, 
thereby opening the loop, in the presence of a r a b i ?  The biding 
sites themselves could specify this behavior as each is slightly 
diftkent from the others (10). Alternatively, in the absence of 
arabinose the protein may prefkentially bind to nonadjacent sites 
and, as a result, form a loop, and, in the presence of arabinose, b i d  
to adjacent sites and t h e d r e  not form a loop. We now show that 
loop breaking is not determined by the sequences contacted in the 
looped and unlooped states, but rather, suggest that loop breaking is 
due to an &ect of arabinosc on the protein. 

Three lines of evidence indicate that arabiose-induced loop 
breaking is not determined by tf4e ma1 or ara02 sequence. First, a 
stable, faster mobility complex,~&acacterktic of a loop, is formed 
between two araIl sites in the aha of a d i ,  and a r a b k  
breaks this loop. Second, on minicirdes with araOl replacing aral, 
a r aa  stabilizes binding of AraC to a r d l  in the absence but not the 
presence of arabinose (24). This suggests that arabinose breaks a 
loop between ara02 and m d l .  Third, loop brraking by arabinose is 
not dependent on the sequence of ara12, since arabinose breaks the 
loop formed on rninicirdes containing the ara12 mutations (25). 
Sice arabinose breaks loops between mall and araIl, araQ and 
araOl, and ara02 and mall, we condude that arabinose-induced loop 
breaking is not determined by a particular DNA sequence. 

Model fix AraCmcdiated rcpnssion a d  induction. Our 
d t s  show that the DNA loop between ara02 and aral, which is 

r e q u i d  for rrprrssion of araBAD, consists of a dirner of AraC 
protein making contacts with half of maI, araIl, and with ara02. 
A r a b i i  breaks this loop, with the protein raining its contacts to 
mall while its contacts to ara02 are broken and new contacts are 
fbrmed to ara12. This process is reversible; if arabiose is removed, 
the contacts at ara12 are broken and new contacts are formed to 
ma@. Arabii-induced loop brraking is not determined by the 
DNA sequence to which AraC binds, and docs not require contacts 
with ara12. 

One simple mehnkm that explains the data is an a r a b i  
induced subunit reorientation. Ont subunit of AraC could contact 
araIl, and the second subunit could contact either ara12 or ma@. In 
the abscnce of arabinose, the subunits of AraC protein would tend 
to be in an o r i a d  requiring interadon with two nonadjacent 
DNA sites, and as a dt, would favor looping. In the presence of 
arabinose, the monomers could reorient so that interactions with 
adjacent b i  sites are more favorable although, we suspect, 
considerably less than shown in Fig. 8. Thus, looping could occur 
between any pair of nonadjacent and suitably oriented DNA 
binding sites. The addition of arabinose to such a complex would 
tend to orient the subunits b r  b i  to adjacent sites. This would 
weaken looped complexes and saengthcn nonlooped complexes, 
regardless of the sequences of the DNA binding sitcs, just as is seen 
cxperkntaUy (Figs. 4 and 7) (26). 

The tramition fiom the looped, repressed state to the unlooped, 
induced state of the araCBAD operon is regulated by an a r a b i i -  
induced increase in the occupancy of the ara12 site. This places a 
subunit of AraC near the RNA polymerase binding site and could be 
a major part of the induction process. Breaking of the repression 

A CYild Type arah Mutant 

AraC - + + + + + + -  + + + + + +  
Time(min) - 0 102040 80120 - 0 10 2040 80120 

N~cked- * -- - - - * - - - -  

Unlooped- - 
Looped - 3 -~~@sm8- . , *a&&~  

B Wild Type arab Mutant 

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

Time(min) - 3 1 5 -  - 3 15 

Well - )( 
Supercoiled - 

Linear Bound - 
Linear Free - 4 

Fig. 7. amh is amtactcd in thc unloopcd but nut m thc looped state. (A) 
Compvlsoa of thc dissociation rate of compkxes fimmd on wild-type or 
ara12mutant~ .Gnnplacswac f ibrmcd inb i ibu&rpluP100  
mMKQ ace~sunlabdedomlDNAwasadckdforvaryingkagthsoftime, 
and then subjected to . Theam12 mutations ucdesaibcd in 
Fig. 6. (B) m12 was the loop was b h  by arabhmse. 
Loopad~0mpkxeswacfwmcdinb~buffaplus50mMKCI,5mM 
MgCI2, and then incubated fix 5 minutes with a c e s  unlabeled am1 DNA. 
Arabirmtze m added to 50 mM and incubated for 3 or 15 minutes, and then 
Hind III (40 units) was added and the incubation continued for 4 minutes. 
Sampks w m  incubated with 750 ng of calf thymus DNA for 1 minute and 
then subjaxcd to ckcaophomis. 
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Fig. 8. In the ab- 
scncc of arabiiosc, 

+ ARA - 
the subunits of  AraC - 
protein d d  bc in 
an orientation disfa- 
voring binding to 
two adjacent sites, 
and thaef0I.e the 

&-= 
- -- 

protein would prcf- ' 1  12 --- I.- y 
emtiaUy participa~ 
in looping. An arabm-induced wnformatiional shift could reorient the 
subunits so that contacting two adjacent DNA sites would be favored, and 
w d  therefm drive the transition from the looped to the unloopcd state. 

loop and the presumed resultant occupancy of aral*, however, is 
indident  to generate tidl induction because elimination of the 
repression loop by deletion of maOz results only in a small increase 
in promoter activity in the absence of arabinose (2). Arabinose must 
also be added to achieve tidl induction. 

Although the structure of AraC is unknown, existing data are 
consistent with the idea that arabinose induces a conformational 
change in the protein. Fucose, an analog of arabinose that does not 
induce maBAD (2m. binds to AraC but docs not alter its intrinsic 
fluorescence; wh- b i g  of arabinose docs change its intrinsic 
fluorescence (28). As cxpeatd, fucose does not break DNA loops in 
our in vim -w (22), which implies that fucose s t a b k -  the 
repressing confinmation of AraC &d thereby fiik to induce ara- 
BAD. 

In summary, we have dcmonstrated DNA loop formation and 
loop breaking in an in viao system. A dimer of the protein generates 
loops in the absence of arabinose by contacting two well-separated 
AraC protein binding sites. On the addition of arabinose, which 
breaks the loops, the protein contacts two adjacent AraC protein 
binding sites. An dfiaent modranism fbr regulation of such looping 
behavior is for the protein's subunits to shift their orientation, being 
oriented in the absence of arabinose such that looping interactions 
with nonadjacent sites are most favorable, and in the presence of 
arabincse such that binding interactions with adjacent sites are most 
favorable. Such a mechanism could regulate looping in a wide 
variety of systems. 
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